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SUMMARY 
Drinking water safety is always of great concern worldwide and disinfection 
process of drinking water is vital to protect people against waterborne 
diseases caused by pathogens. Considering the intrinsic drawbacks of 
conventional technologies, there is an urgent need to develop a novel and 
robust alternative disinfection strategy that is capable of catering to 
increasing demand of safe drinking water. 
In this study, silver nanoparticles (AgNPs, or nanosilver) were explored 
systematically for the possibility of being a viable disinfectant. To achieve 
this goal, three kinds of AgNPs were first obtained from either market or lab 
synthesis. These three materials were characterized by Transmission 
Electron Microscopy (TEM) and zeta potential analyzer, validating their 
nanoscale size. Subsequently these AgNPs were compared in terms of 
antibacterial and antiviral activities against Escherichia coli and MS2 
bacteriophage, respectively. Results indicated that biologically-synthesized 
AgNPs (bio-AgNPs) should be selected based on the disinfection 
performance and ease of synthesis. 
Secondly, effects of water matrices were studied in order to gauge the 
extent of bio-AgNPs in antiviral activity. Water matrices, including hardness 
(Ca2+ and Mg2+), ionic strength, chloride, humic substances (HS) and pH, 
were tested in this part of study. Results showed that disinfection capability 
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of bio-AgNPs was highly sensitive to HS, chloride and pH. It suggested that 
concentrations of HS and chloride might have to be controlled within 
suitable ranges for effective application of AgNPs in drinking water 
treatment. Certain pre-treatment may be necessary. 
Antiviral mechanisms of nanosilver were studied with MS2 bacteriophage 
as the virus model. Modes of action of nanosilver were investigated by 
verifying three mechanisms proposed by previous studies. Results 
demonstrated that direct contact of virus to nanosilver was the most 
important mechanism behind antiviral activities. Viral damage caused by 
nanosilver was also identified with regard to antigenicity damage and 
genome damage. It was found that antiviral performance was greatly 
associated with antigenicity damage, but less related to genome damage. 
This part of research implied that antiviral activities were mainly contributed 
by direct contact of virus to nanosilver, which may lead to severe damage 
to viral capsid (antigenicity). 
A continuous flow system with nanosilver incorporated was finally designed 
and operated. This system was tested against both E. coli and MS2 
bacteriophage in synthetic water. Dosage of nanosilver and strategies of 
backwash were studied for the purpose of improving the overall disinfection 
performance. It showed that backwash with air scour was able to regenerate 
the disinfection capacity by approximate 1-log removal in inactivation of E. 
coli. Increasing the dosage of nanosilver was another direct and effective 
strategy to improve the performance. 
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CHAPTER 1 INTRODUCTION 
1.1 Drinking water safety 
The significance of disinfection has been well recognized since one hundred 
years ago when epidemics (e.g. typhoid and cholera) were common and 
accounted for catastrophic death in the whole world. Drinking water 
treatment technology has been improving over time and a wide range of 
disinfectants and technologies have emerged and been applied by water 
utilities. Nevertheless, it was reported that 1.2 billion people did not have 
adequate safe drinking water, 2 billion had poor sanitation, and millions of 
people died annually from waterborne diseases directly (Montgomery and 
Elimelech, 2007). It is known that many more are still suffering from water-
related issues.  
Pathogenic microorganisms transmitted through unsafe water are known to 
be a prime cause of these problems. Diarrhoeal disease, for instance, is 
believed to be mainly caused by a host of waterborne bacterial, viral and 
parasitic organisms. According to a report from World Health Organization 
(WHO, 2004a), diarrhea alone accounts for an estimated 4.1% of the total 
global burden of disease (measured in ‘Disability-Adjusted Life Year’) and 
is responsible for nearly 1.8 million deaths every year. Situations are even 
worse in developing countries where diarrhea is responsible for as high as 
8.5% and 7.7% of all deaths in Southeast Asia and Africa, respectively. 
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In developed countries, waterborne pathogen still remains as one of the 
main challenges and threats to public health. Despite advances in water 
management practices, Centers for Disease Control and Prevention (CDC) 
in the United States reported 33 drinking water-associated outbreaks 
nationwide during 2009-2010, which comprised 1,040 cases of illness, 85 
hospitalizations and 9 deaths (CDC, 2013). In Singapore, there were 
127,402 attendances reported as acute diarrhoeal illnesses in 2012, an 
increase of 2.5 % over 2011 (MOH, 2013). 
1.2 Current and emerging waterborne pathogens 
There is a huge variety of infectious agents that are currently found to cause 
waterborne diseases, such as bacteria, viruses, fungi, protozoa, prions, 
helminthes, etc (WHO, 2002, 2003). Even worse is that more and more 
pathogens continue to emerge and threaten drinking water safety worldwide. 
According to the definition given by CDC, emerging pathogens are those 
that have increased the incidence of disease over the past two decades or 
threatened to increase in the near future (Ewald, 1996). Recently several 
emerging waterborne pathogens have been identified, including Legionella, 
Mycobacterium avium complex, new enteric viruses (e.g. noroviruses), etc 
(Szewzyk et al., 2000). 
1.2.1 Bacterial pathogens 
According to WHO report, bacterial waterborne infections are one of 
the major causes of human morbidity and mortality around the globe (WHO, 
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2002). In the US, species of enteric bacteria in the genera Escherichia, 
Salmonella, Yersina were identified as the main pathogens in waterborne 
disease outbreaks for the past two decades (Yoon and Hovde, 2008). 
Among these, E. coli O157:H7 was the most infamous bacterial pathogen 
due to its high risk of causing fatal infections in vulnerable persons, 
especially children and the elderly. The most recent outbreak of E. coli 
O157:H7 occurred in Ontaio, Canada, in 2000, resulting in six deaths and 
over 2,300 cases. 
The bacterium Legionella is a typical example of emerging 
pathogens recently (Ngwenya et al., 2013). They are parasites of protozoa 
and widely distributed in ground water, wet soil (Riffard et al., 2001), and 
even in distribution and plumbing system biofilms (Robers and Keevil, 1992). 
The latest statistics showed that from 2009 to 2010, there were 166 cases 
reported with 14 deaths caused by Legionella spp. in drinking water and 
other non-recreational water (Hilborn et al., 2013). On top of consumption 
of drinking water, human exposure to Legionella spp. is thought to be via 
inhalation of contaminated water aerosols, from cooling/air conditioning, for 
instance. 
1.2.2 Viral pathogens 
Viruses are microorganisms that are composed of genetic material, 
deoxyribonucleic acid (DNA) or ribonucleic acid (RNA), along with a 
protective protein coat (Ngwenya et al., 2013). It has been identified that 
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many viruses can cause acute gastrointestinal disease, such as 
adenoviruses, noroviruses and rotaviruses.  
A waterborne outbreak associated with norovirus was reported in a 
small village in Akita, Japan in 2005, where 29 people were infected by 
contaminated well water (Haramoto et al., 2012). Meanwhile, noroviruses 
as well as various viruses were frequently detected in surface water 
samples in Japan (Haramoto et al., 2008; Kitajima et al., 2010).  
 
Bacterial and viral pathogens together accounted for 93.4% of the 
waterborne diseases in US (Hilborn et al., 2013). In fact, there are many 
more pathogens identified globally every year, such as protozoa and fungi. 
More essentially, the continued outbreaks of waterborne disease worldwide 
demonstrate that pathogenic organisms still pose a risk to drinking water 
hygiene and public health. 
1.3 Selection of disinfection strategies 
Disinfection process is a necessary step and an important practice to 
ensure water safety and protect public health (Figure 1-1). Scientists and 
engineers have been exploring various options to improve disinfection 
strategies in water treatment. Conventional disinfection strategies do have 
their advantages and are still employed in most water treatment systems. 
However, they do have some inevitable shortcomings that cannot be 
ignored in the long run. 
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Figure 1-1 Diagram of typical drinking water treatment process 
1.3.1 Chlorine and related chemicals 
Free chlorine has been proven to be a highly effective disinfectant 
and it has been used for decades around the globe because of its strong 
disinfection capability and low operation cost. Free chlorine is excellent at 
inactivating bacteria and viruses; and typically only 1-6 mg/L of chlorine is 
required in the final step of water treatment process (Crittenden et al., 2005). 
However, free chlorine was found to be ineffective in controlling some 
specific pathogens, such as Mycobacterium avium (Taylor et al., 2000) and 
Cryptosporidium parvum (Carpenter et al., 1999). C. parvum is a protozoan 
parasite which can be found in feces-contaminated water. Once ingested, 
C. parvum would cause some symptoms including nausea and diarrhea in 
people with intact immune system. These symptoms can be fatal for some 
immunocompromised cases.  
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Another concern rising in recent years regarding chlorination is the 
potential generation of harmful disinfection by-products (DBPs). Free 
chlorine will inevitably react with organics present in water, producing 
halogenated compounds, such as trihalomethanes (THMs). Halogenated 
DBPs, such as THMs, are highly carcinogenic and strictly regulated by 
USEPA. Although free chlorine is still being used today around the world, 
scientists and engineers have been exploring measures to control the DBP 
generation and, at the same time, in developing novel non-halogen 
disinfection strategies. 
Combined chlorine and chlorine dioxide (ClO2) have been developed 
and applied as supplements which have been reported as better 
alternatives. These chlorine-containing chemicals indeed reduce formation 
of halogenated DBPs, such as THMs and haloacetic acids (HAAs). 
However, these strategies produce their unique DBPs instead. ClO2 does 
produce two inorganic byproducts, chlorite (ClO2-) and chlorate (ClO3-), 
which are believed to have serious adverse health effects. For chloramines, 
the reaction of combined chlorine with organic matter commonly found in 
water may lead to the formation of N-Nitrosodimethylamine (NDMA), a 
byproduct classified as a “probable human carcinogen” by USEPA.  
1.3.2 Ozone 
Ozone is another commonly used chemical in drinking water 
disinfection. In terms of disinfection performance, ozone is even much more 
effective than free chlorine, chloramines and chlorine dioxide as ozone is 
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more capable of inactivating viruses, Cryptosporidium and Giardia. As one 
of the most efficient chemical disinfectants, ozone requires a very short 
contact time and after decomposition, the only residual is dissolved oxygen. 
In addition, ozonation is capable of eliminating taste and odor compounds 
present in natural water body. 
Despite its effectiveness for disinfection, ozone may generate 
intolerable DBPs such as bromate (BrO3-). Bromate has been considered a 
category 2B (“possibly carcinogenic to humans”) carcinogen by the 
International Agency for Research on Cancer (IARC) and has also been 
regulated by many countries worldwide. Apart from that, it is quite risky to 
handle ozone because it is highly corrosive and toxic. Therefore, generation 
of ozone should be carried out on site with high energy consumption and 
high level of operator skills. All in all the ozonation as disinfection is energy-
intensive, capital-intensive and high level of maintenance is required 
(USEPA, 1999). 
1.3.3 Ultraviolet irradiation 
Ultraviolet (UV) irradiation is an emerging disinfection strategy. 
Compared to free chlorine and ozone, UV possesses many attractive 
advantages: highly effective in controlling C. parvum oocysts; no harmful 
DBP has been identified so far; and lower requirements of operational cost, 
engineering expertise and infrastructure.  
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Mechanisms behind UV irradiation disinfection are believed to be 
DNA-related damage: Specifically UV induced thymine-thymine dimer 
generation in DNA, thereby interfering DNA reproduction and cell 
proliferation accordingly. This mechanism is direct and efficient; however 
post-treatment problems have been reported that such DNA damage could 
be photo-repaired and many bacteria and viruses previously inactivated by 
UV could reactivate and regrow (Zimmer and Slawson, 2002). Repair 
mechanism involved has not yet been thoroughly known and is still being 
studied. Apart from the UV-induced DNA damage and repair, UV is also 
found to be ineffective in controlling certain notorious virus, adenovirus for 
instance. UV dosage of 40 mJ/cm2 could only achieve approximately 1-log 
removal of adenovirus types 2, 5 and 41 (Baxter et al., 2007). On top of 
these, the efficacy of UV disinfection would be compromised when treating 
water containing UV-absorbing compounds. Presence of these components 
(such as humic acid) in the water decreases the ultraviolet transmittance 
(UVT) of water and thereby leads to lower UV dose delivery and less 
inactivation of target microorganisms (USEPA, 2006). Moreover, UV would 
leave no disinfectant residue which is necessary to inhibit potential 
microorganism growth along the distribution systems. 
More recently considerable efforts have been directed towards 
combined disinfection strategies, such as UV/Cl2 and UV/O3. Effective as 
they may seem to be, these combined systems are not thoroughly proven 
with respect to the negative aspects mentioned above. 
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While current disinfection strategies are effective in some aspects, they 
more or less have their own shortcomings due to their inherent limitations. 
With regulation becoming more and more stringent, there is an urgent need 
to develop an innovative disinfection strategy with robust and effective 
disinfection performance while avoiding or minimizing the negative aspects 
typically associated with the current state-of-the-art disinfection 
technologies.  
1.4 Silver as antimicrobial agent  
Antimicrobial effect of silver has been recognized and used for centuries. It 
is said that Alexander the Great (356-323 B.C.) drank only from silver vessel 
because of the antimicrobial effects of released Ag+ ions and the Romans 
even wrote silver into the official Roman book of medicines (Silver et al., 
2006). In 1965, Moyer and coworkers first suggested 5% of silver nitrate be 
used to treat burns (Moyer et al., 1965). Following this, silver sulphadiazine 
was developed and widely applied in burn therapies, even in today’s world 
(Storm-Versloot et al., 2010). As an antimicrobial agent, silver is attractive 
for many reasons: no unpleasant effects on the color, taste and odor of 
water; broad spectrum of activity against various microorganisms (Kim et 
al., 2007); difficulty for bacteria to develop resistance; and almost no 
adverse health impacts on human beings if low amount is digested. Silver 
and silver compounds are so attractive that there are numerous applications 
using it as antimicrobial agents: portable water filters; medical devices; 
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clothing; and coatings for washing machines, refrigerators and food 
containers.  
However, there are two main obstacles that prevent silver from being widely 
used for drinking-water disinfection. The first obstacle is the high price of 
silver. As a precious metal, silver is sold at 20.6 USD/oz. (price on 
13/01/2014) currently in trade markets. The other obstacle is the 
uncompetitive disinfection performance. Compared to free chlorine or any 
other disinfectants used in water treatment plant, silver has not yet shown 
to provide fast removal of bacteria or virus so far. 
To overcome these two shortcomings, one should investigate the way how 
silver is applied. Generally speaking, there are three main methods that 
silver species are employed as a biocide in current engineered systems: 1) 
silver-coated devices; 2) direct dosage of silver compounds; and 3) release 
of Ag+ from silver electrode through electrolysis. The first method has limited 
Ag+ released and low probability of pathogens reacting/contacting with 
silver or silver surface. The latter two methods may solve this problem by 
increasing probability of reaction with free form of silver; however they 
mainly depend on the antimicrobial effects of ionic form of silver, which is 
difficult to retain or recycle in current engineered system that inevitably 
leads to an increase in the operating cost.  
Development of science in the past decade has clearly showed that 
electronic, optical and catalytic properties differ from the bulk metals when 
the particle size decreases to nanoscale (Niemeyer, 2001; Moore, 2006). 
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Such novel properties made nanomaterials attractive and nanosilver is one 
of them. In fact, nanosilver has received attention not only in academic 
publication but also in manufacturing products for public use over last 100 
years, even before the terminology ‘nanomaterial’ was invented (Nowack et 
al., 2011). Of the many nanotechnology-related consumer products, those 
which contain nanosilver were reported to be the largest (25%) as well as 
the fastest growing category (Liu and Hurt, 2010). These interests are 
mainly attributed to an intrinsic nature of nanosilver: large specific surface-
to-volume ratio. This high specific surface area may enhance antimicrobial 
effects of silver over bulky silver or silver coating. In addition, nanosilver 
may be engineered into some kinds of materials that somehow can be 
retained within the system, such as magnetic Fe3O4@Ag nanoparticles 
(Gong et al., 2007). In view of above, nanosilver may be the attractive 
solution to the challenges associated with disinfection practices mentioned 
above.  
1.5 State-of-the-art 
Studies on disinfection performance of silver related materials have been 
progressing over the years. Some of these studies are significant and can 
be recognized as milestones in this field. 
Silver ions were found to enhance the UV inactivation of MS2 coliphage by 
Butkus and his coworkers (Butkus et al., 2004; Butkus et al., 2005). Log 
removals of MS2 coliphage were reported to be 0.25 and 1.75 by silver ion 
(0.1 mg/L, 130 min) and UV irradiation (40 mJ/cm2), respectively. 
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Combination of these two would, however, achieve 3.25-log removal of MS2 
coliphage, which indicated a synergy of 1.25-log removal. This finding is 
vital in enhancing the antiviral performance of UV irradiation by adding only 
a small amount of aqueous silver. 
After reporting this finding on bench scale, this research team further 
studied the feasibility of the silver/UV process for drinking water disinfection. 
There was a concern that some impurities commonly present in raw and 
treated drinking water may influence such silver/UV process. Results 
showed that parameters, such as turbidity (kaolin), hardness, alkalinity and 
pH, did not significantly reduce disinfection efficacy of the proposed 
silver/UV process. The other impurities such as chloride, phosphate and 
organic matters, on the other hand, were found to reduce the synergistic 
effect between silver and UV irradiation disinfection. Nevertheless, 
silver/UV inactivation system was still beneficial for greater log removal (0.5-
log difference) than UV alone. The authors also proposed the reasons for 
such adverse effects: (1) chloride and phosphate present in the system 
would react with aqueous silver that in turn reduced the effective 
concentration of silver ion and disinfection efficiency; (2) influence of some 
organic matters might lead to the increased UV254 absorbance, which 
resulted in a decrease in effective UV irradiation and thereby a 
corresponding decreases in the disinfection efficacy. Aside from evaluating 
the effects of water matrices, the authors also provided a feasible way of 
dosing silver ions in the proposed silver/UV system: Ag+ could be 
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continuously generated by electrolysis of silver electrode. An assessment 
of such operation and management costs involved was also discussed in 
their study and it suggested the proposed silver/UV could be economically 
beneficial. 
Disinfection of E. coli and MS2 coliphage by aqueous silver combined with 
UVA has been explored by Kim and coworkers. They reported synergy 
between silver ion and irradiation of low energy, such as UVA or visible light 
instead of UV254, for E. coli and MS2 coliphage inactivation (Kim et al., 2008). 
This finding made it possible to develop solar disinfection and other 
disinfection strategies which are safe, robust, economically beneficial and 
environmentally friendly. Mechanism behind the silver/UVA (or silver/visible 
light) disinfection has been proposed and examined. It is believed that silver 
ions and the thiol groups in cysteine likely to have undergone a 
photochemical reaction, forming silver-cysteine complex (R-S-Ag) and 
cysteine dimers (Equations. 1-3) that could hinder the function of the 
affected protein. UVA and visible light played a vital role in accelerating this 
complexation reaction.  
R-SH + Ag+ ↔ R-S-Ag + H+ (1) 
R-S-Ag + hv → R-S· +Ag  (2) 
R-S· +R-S· → R-S-S-R  (3) 
On top of application of aqueous silver, silver nanoparticles (AgNPs) in 
disinfection, especially in virus inactivation, could also be interesting after 
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scrutiny of recent studies. Biogenic silver nanoparticles (bio-AgNPs) were 
successfully immobilized in polyvinylidene fluoride (PVDF) membranes (De 
Gusseme et al., 2011). As-prepared membrane was carefully examined in 
a continuous flow system where UZ1 bacteriophages were spiked into the 
feed water. This proposed bio-AgNPs/PVDF membrane achieved 
significant log removal (> 3 log) of UZ1 bacteriophages with a water flux of 
200 L/m2. In addition, this membrane was capable of controlling the release 
of silver ion into the effluent so that the concentration of silver could be lower 
than the acceptable limit (0.1 mg/L) in the drinking-water (WHO, 2004b). 
Therefore AgNPs is a promising candidate as an effective disinfection 
strategy to be introduced into drinking-water treatment. However, there are 
four critical considerations that need to be addressed in order to realize this 
thought: 1) among different kinds of nanosilver, which nanosilver material is 
the best? 2) How feasible AgNPs could be in terms of disinfection when 
dealing with various and complex water matrices? 3) What is the 
mechanism of AgNPs disinfection? And 4) is there any possibility that such 
material could be incorporated into a continuous flow water treatment 
system? Only after these questions are adequately answered then we could 
apply silver for water treatment. A review of literature reveals that only 
limited studied focused on these fundamental questions have been carried 
out thus far. A lack of knowledge in this field motivates and inspires 
researchers to conduct further studies in order to realistically answer the 
four questions identified above. 
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1.6 Objectives and research scope 
In view of the aforementioned opportunities and challenges in this field of 
AgNPs disinfection, this dissertation aims at systematically evaluating the 
feasibility of applying AgNPs in drinking water treatment process. The sub-
objectives are: (1) to synthesize different kinds of silver nanoparticles and 
compare them in terms of disinfection performances; (2) to investigate the 
effects of water matrices on the disinfection; (3) to study the antiviral 
mechanism of AgNPs and (4) to apply AgNPs into a continuous flow system 
and improve overall performance by varying the operating conditions. 
Breakdown of these objectives is as follows: 
Objective 1: 
 To characterize three different kinds of silver nanomaterials 
synthesized, namely commercial silver nanoparticles (com-AgNPs), 
chemically-synthesized silver nanoparticles (chem-AgNPs) and 
biologically-synthesized silver nanoparticles (bio-AgNPs). 
 To evaluate these three kinds of AgNPs with respect to inactivation 
of bacterial and viral models. 
Objective 2: 
 To investigate the effects of water matrices, including hardness (Ca2+ 
and Mg2+), ionic strength, HS, chloride ions and pH value. 
Objective 3: 
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 To examine the modes of antiviral actions of AgNPs in terms of Ag+ 
release, reactive oxygen species (ROS) generation and direct 
contact. 
 To study antigenicity damage and genome damage after treatment 
of AgNPs. 
Objective 4: 
 To assess antibacterial and antiviral performance of continuous flow 
system containing AgNPs. 
 To assess the effects of different backwash strategies and different 
dosage of AgNPs in continuous flow system. 
With all these objectives completed, this study will provide the water 
industry with an in-depth understanding on the capacity, the extent and the 
mechanisms of nanosilver disinfection. This study will also be instructive in 
selecting the right nanosilver material and in optimizing nanosilver-involved 
disinfection system in the future. 
The scope of this study is summarized in Figure 1-2. 
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Figure 1-2 Schematic framework of this study 
1.7 Organization of dissertation 
This dissertation is organized into five chapters. Chapter 1 provides a 
general overview on current problems in drinking water disinfection and 
silver nanomaterials as a promising alternative of disinfectant. 
Chapter 2 reviews the previous studies on AgNPs synthesis, antimicrobial 
effects of AgNPs as well as mechanisms behind such antimicrobial activities. 
Key contributions of past studies are highlighted in this chapter. More 
importantly, knowledge gaps and research needs are also identified. 
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Chapter 3 provides a detailed summary on materials, experimental design 
and the methodology adopted in this study. 
Chapter 4 describes the results obtained in this study, covering four parts: 
namely (1) selection of nanosilver, (2) effects of water matrices, (3) 
mechanism study of viral inactivation by nanosilver and (4) study of 
continuous flow system with nanosilver. Analysis of the results and 
comparison with the past studies are also highlighted. 
Finally conclusion from this study is summarized in Chapter 5. In addition, 
recommendations for future study are also provided. 
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CHAPTER 2 LITERATURE REVIEW 
Silver nanoparticles (AgNPs or nanosilver) material has been receiving 
increasing attention in the recent decade. For example, AgNPs and its 
application has been studied and exploited to a large extent. In fact, it was 
reported that nanosilver had a history of approximately 120 years of usage, 
mainly under the term ‘colloidal silver’ (Nowack et al., 2011). In this 
proposed study, previous literature was critically reviewed in order to obtain 
a comprehensive and systematic perspective of this field. These following 
sections will cover different synthesis of silver nanoparticles and relevant 
AgNPs-contained materials, antimicrobial effects thereof and mechanisms 
involved in antimicrobial effects of AgNPs. 
2.1 Synthesis of silver nanoparticles 
Nanoparticles are particles which range from 1 to 100 nm in size. Numerous 
studies conducted in the past years demonstrated that these materials 
behave entirely different from their bulky counterparts with regard to the 
optical, electronic and catalytic properties, etc (Niemeyer, 2001; Sun and 
Xia, 2002; Moore, 2006). These properties were believed to strongly 
correlate to the shape, size and substructure of metal nanoparticles. It was 
stated that properties of nanoparticles could be finely tuned by controlling 
these parameters (Sun and Xia, 2002; Xia et al., 2008). Therefore, it is 
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necessary to summarize synthesis routes and achievements in AgNPs 
synthesis. In general, there are three key considerations in the synthesis of 
AgNPs. They are: 1) morphology of AgNPs (mainly size and shape); 2) 
stability of AgNPs; and 3) feasibility and cost of large-scale production of 
AgNPs. The following sections would be focusing on these aspects. 
2.1.1 Chemically-Synthesized silver nanoparticles 
Sun and Xia managed to synthesize silver nanocubes of tunable size, 
50-120 nm, with polyvinylpyrrolidone (PVP) as capping agents (Sun and Xia, 
2002). The size of such AgNPs could be determined by simply adjusting the 
molar ratio of capping agents. The primary reaction involved a so-called 
polyol process (reduction of silver nitrate with ethylene glycol at 160˚C) in 
which ethylene glycol served as both reductant and solvent. This publication 
served as a basis for controlling shapes, sizes and structures of AgNPs and 
disclosed the wide possibilities of wet chemistry methods that could be used 
in this area. 
Another shape of silver nanoparticles, nanoprism, was successfully 
synthesized by Mirkin’s group (Jin et al., 2001; Metraux and Mirkin, 2005; 
Millstone et al., 2009). The first reliable synthesis of silver nanoprism was 
achieved through the photo-induced conversion from silver nanoparticles 
(Jin et al., 2001). It was reported that prismatic structure of AgNPs could be 
obtained by irradiation of a conventional 40-W fluorescent light on 
previously prepared spherical particles (8.0±1.7 nm). As-prepared silver 
nanoprism had a size with 100 nm in length and 16 nm in thickness. 
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Furthermore, a variety of radiation wavelengths had been found to be 
capable to induce this conversion, from visible lights to UV irradiation. 
These achievements were one of the first few synthesis methods that 
combined light irradiation and chemical reduction, which even paved the 
way to a broader area of AgNPs synthesis.  
Compared with photo-induced synthesis, thermal synthesis (or 
chemical reduction methods) of silver nanoprism were reported to be able 
to achieve AgNPs of similar shape and size (Metraux and Mirkin, 2005). 
However, information on purification and stability of such silver nanoprism 
was not discussed. 
Truncated triangular silver nanoplates were slightly different from 
nanoprism; and synthesis of this specific structure was also appealing to 
consider due to a proposed mechanism in which different crystal facets may 
induce different extent of antimicrobial effects (Pal et al., 2007). Typical 
procedures for synthesis and characterization of truncated triangular silver 
nanoplates were reported by Chen and Carroll (2002). Three phases were 
involved in the synthesis route: seeding, growth and aging. First, sodium 
borohydride (NaBH4) was used to reduce Ag+ into Ag(0) with sodium citrate 
as stabilizing agent. After this seeding phase, more Ag+ was reduced by 
more reducing agents and grew onto these AgNP seeds with 
cetyltrimethlyammonium bromide as capping agent. In the last step, the 
silver nanoparticles were required to undergo aging in order to allow the 
particles grow to the expected structure, truncated triangular nanoplates. 
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Centrifugation was required to further remove undesired structures (e.g. rod, 
sphere, cube, etc.) so as to purify the synthesized nanomaterials. 
Among all the nanostructures of silver nanoparticles, studies on 
spherical particle probably have gained the most attention due to ease of 
synthesis, purification and application. Great contribution was made by 
Sondi and his team in developing an easy method to prepare highly 
concentrated and stable silver nanoparticles (Sondi et al., 2003). With 
Daxad 19 as stabilizing agent and ascorbic acid as reducing agent, the as-
prepared silver nanoparticles has excellent aqueous stability at a wide 
range of pH values ranging from 2-10. Another advantage of this method is 
the capability of tuning the particle size between 10-30 nm based on the 
reaction time. This study is vital because high concentration of silver 
nanoparticles with tunable size is a prerequisite for the comprehensive 
study of antimicrobial effects of silver nanoparticles. 
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Figure 2-1 TEM images of different morphologies of silver nanoparticles. (A) nanotubes (Sun 
and Xia, 2002); (B) nanoprisms (Jin et al., 2001); (C) truncated triangle (Chen and Carroll, 
2002); and (D) stable and adjustable silver nanoparticles (Sondi et al., 2003). 
Most recent advances in AgNP synthesis focus not only on 
morphology of AgNPs, but on more diverse functionalities as well. Silver 
was coupled with Fe3O4 to accomplish electromagnetic Ag-Fe3O4 
nanoparticle, which facilitated concentrating and recycling of precious silver 
(Gong et al., 2007; Li et al., 2014). Silver was also doped into nano-titanium 
oxide and carbon nanotube to enhance their photocatalytic efficiency, 
showing potential of application in water decontamination (Kim and Song, 
2014; Ziemkowska et al., 2014). Studies relevant to water disinfection are 
reviewed in the next section. 
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Shapes and sizes of silver nanoparticles can be finely tuned; 
monodispersity can be well achieved. All these advantages rely on the 
flexibility and diversity of chemicals and synthesis methods. However, the 
drawbacks of these methods are undeniable: aqueous stability of particles 
in the long run and involvement of special technology, such as light 
irradiation. Additionally, intensive chemical usage is a further unfavorable 
factor, posing some adverse impacts on vulnerable ecological environment. 
2.1.2 Biologically-synthesized silver nanoparticles 
Apart from chemical synthesis, synthesis using biological agents is 
another vital alternative to produce nanosilver with unique properties. 
Compared to chemical synthesis, bio-synthesis makes use of biological 
agents to synthesize and stabilize AgNPs, avoiding usage of toxic 
chemicals. Synthesis of nanosilver using chemicals benefits from flexibility 
and diverse method options in laboratory; scaling up such synthesis, 
however, may be faced with inevitable problems, including high capital cost; 
high maintenance cost and potential toxicity to eco-system. Biological 
synthesis methods may make a difference in overcoming these 
shortcomings typically associated with chemical preparation methods.  
Sintubin and co-workers reported that lactic acid bacteria, 
Lactobacillus spp. were capable of reducing Ag+ into silver nanoparticles 
(Sintubin et al., 2009). Gram-positive bacteria including Lactobacillus spp. 
and Enterococcus faecium, and gram-negative bacteria such as 
Pseudomonas aeruginosa and E. coli have been comprehensively 
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screened for nanosilver production. As shown in comparison, Lactobacillus 
spp. was outstanding for its competitive capability in generating silver 
nanoparticles of smaller size (10-20 nm), more stable dispersion and higher 
yield. As-prepared nanosilver was situated widely in the cell, in the outer 
layer of cell and on the cell wall, which is believed to be an advantage in 
avoiding particle aggregation. 
Silver nanoparticles of 10-50 nm could be synthesized by reacting 
Ag+ ions with biomass of Brevibacterium casei (Kalishwaralal et al., 2010). 
Such synthesis route required less time (24 hrs only) and only benign 
conditions (37˚C). On top of successfully identifying the presence of 
nanoparticles, Kalishwaralal and his co-workers also found that protein or 
functional groups may play an important role and initialize this reaction 
based on Fourier Transform Infrared Spectroscopy results. This study 
disclosed the secret of bio-AgNPs and may lead to area that could actively 
select the best microorganism of interest. 
Production of highly concentrated nanosilver materials was reported 
by Juibari et al. (2011). Juibari’s team isolated a native extremophilic 
Ureibacillus thermosphaericus strain from hot springs. Interestingly, such 
bacteria strain was able to produce AgNPs of adjustable size (10-80 nm) by 
adjusting the initial concentration of Ag+ ions as well as the temperature (60-
80˚C). This study is important in realizing one idea that non-fastidious and 
native bacteria could be used directly to synthesize AgNPs at high 
concentration (CAg, total = 0.1 M). And impressively, the size of AgNPs (13-
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75 nm) could be easily tuned by adjusting the concentration of AgNO3 and 
reaction temperature. However, authors did not monitor the long-term 
stability of such AgNPs in water. 
Ahmad and co-workers successfully achieved extracellular 
biosynthesis of silver nanoparticles using the fungus Fusarium oxysporum 
(Ahmad et al., 2003). With direct addition of AgNO3 into a solution of F. 
oxysoporum biomass, silver nanoparticles could be obtained after 
approximately 72 hrs. TEM images showed that the silver nanoparticles 
were in a size range of 5-50 nm with severe aggregation. In spite of problem 
of aggregation, Ahmad’s study was one of the milestones that expanded to 
fungi with regard to bio-synthesis of AgNPs. After that, similar results had 
been reported using two other types of fungi, Aspergillus fumigatus 
(Bfilainsa and D'Souza, 2006) and Fusarium semitectum  (Basavaraja et al., 
2008).  
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Figure 2-2 TEM images of AgNPs synthesized from (A) Lactobacillus spp. (Sintubin et al., 
2009); (B) Brevibacterium casei (Kalishwaralal et al., 2010); (C) Ureibacillus 
thermosphaericus strain (Juibari et al., 2011); and (D) Fusarium oxysporum (Ahmad et al., 
2003) 
Not only limited to bacteria and fungi, biosynthesis of silver 
nanoparticles has been expanded to utilizing biomass from yeast (Kowshik 
et al., 2003), algae (Govindaraju et al., 2008) and plants (Rajasekharreddy 
et al., 2010; Lukman et al., 2011; Veerasamy et al., 2011) as well. Biogenic 
silver nanoparticles, compared to chemically synthesized, is still new but is 
developing rapidly in the last five years. Despite the failure of controlling 
shape, size and purity of AgNPs, biological synthesis is an interesting 
alternative for chemical methods due to the ease of operation and green 
synthesis. Additionally the presence of biomass or biological agent may be 
better to stabilize AgNPs (Sintubin et al., 2009) with better bio-compatibility 
and less toxicity than heavily used industrial chemicals. It is believed that 
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by choosing the proper biological system, biogenic AgNPs are able to 
achieve quality close to its peer and find the balance between green 
synthesis and functionalization (Sintubin et al., 2012).  
 
It is evident from literature that both chem- and bio-synthesis, are 
intentionally limited to a term ‘wet chemistry method’. Being developed for 
over the past decade, synthesis of AgNPs has also been extended to 
microwave-aided synthesis, UV-photolysis, electrodeposition, and dry 
photochemical growth, etc. Nevertheless, it is still worth mentioning that wet 
chemistry method is by far the most mature and commonly used technique 
for fabricating AgNPs, considering the capital cost, scalability and feasibility 
of application (Majdalawieh et al., 2014). 
Comparison of chem- and bio-synthesis poses two distinct options: 
chemical synthesis benefits from finely control of shape/size and 
monodispersity while biological synthesis benefits from green process and 
that biomass may serve as a better stabilizing agent. This raises a concern 
on choosing the right route. Typical chem- and bio-synthesis routes should 
be selected and compared in view of water disinfection.  
2.2 Antimicrobial effects of silver nanoparticles 
Silver products have been used for various antimicrobial applications for 
over thousands of years (Silver et al., 2006); and it won’t be surprising to 
know that nanosilver materials naturally share such excellent property. 
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There are hundreds of publications that involve the antimicrobial effects of 
AgNPs over the past decade. Specific topics relevant to water disinfection 
are reviewed below, including effects of silver nanoparticles’ properties and 
water matrices on antimicrobial activities, along with practices of continuous 
system with AgNPs.  
2.2.1 Effects of silver nanoparticles’ properties 
Morones and co-workers first studied the size effects of nanosilver 
on antibacterial effects (Morones et al., 2005). Not only characterizing initial 
AgNPs, those researchers also carefully focused on characterization of the 
AgNPs after the experiments, which were found attached on the bacterial 
cell membrane. Two interesting findings were reported: 1) crystal facet {111} 
of AgNPs was more likely to attach to the cell membrane, possibly due to 
the higher atom density and higher reactivity compared to other facets; and 
2) most of nanosilver interacting with E. coli was in the size range of 1-10 
nm. These two findings were consistent: silver {111} facet was higher at the 
density of atoms while 1-10 nm particles had higher percentage of surface 
atoms than larger particles. Both findings illustrated that more atoms on the 
surface was favorable to reactivity of AgNPs, which makes tuning of 
nanosilver morphology a practical method to enhance the disinfection 
efficiency.  
Inspired by their peers, Pal and coworkers further examined the 
effects of various shapes of AgNPs on its antimicrobial activities (Pal et al., 
2007). By comparing three different kinds of AgNPs, namely spheres, rods 
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and truncated triangle, the researchers concluded that antimicrobial effect 
of silver nanoparticles was dependent on their shape and nanosilver with 
truncated triangular shape had the best performance over spherical and 
rod-shaped counterparts. Proposed reason was in line with Morones et al. 
(2005): the top basal plane of a truncated triangular nanoplate has a {111} 
surface, which had higher reactivity to the bacterial surface.  
Capping agents, generally, will determine the surface charge of 
AgNPs that in turn has an impact on antimicrobial ability of AgNPs as 
described by El Badawy et al. (2011). These researchers studied four kinds 
of AgNPs with different capping agents, namely H2-AgNPs, citrate-AgNPs, 
PVP-AgNPs and BPEI-AgNPs (branched polyethyleneimine, BPEI). These 
four AgNPs were delicately synthesized so that they had similar size (10-18 
nm) yet with distinct surface charge (from the lowest (-40 mV) of citrate-
AgNPs to the highest (+40 mV) of BPEI-AgNPs). Additionally the authors 
purified these four AgNPs continuously to chip away the impact of released 
Ag+. With such careful experiment design, the effect of surface charge could 
be realistically studied. They reported that the more positive the surface 
charge was, the higher toxicity it showed. It was explained by electrostatic 
barrier between AgNPs and the bacteria used in their study. As we may 
know, surface of bacteria are negatively-charged because of dissociation of 
organic groups on the cell membranes, such as carboxyl, phosphate and 
amino groups. Thus, electrostatic barrier was reduced with decrease of 
negative zeta potential of AgNPs and positively-charged AgNPs even 
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turned such repulsion into attraction, thereby allowing higher chance of 
interactions. Such physical interactions (i.e. direct contact) were therefore 
believed to be the primary mechanism for AgNPs toxicity. That is, surface 
charge was another factor that would affect antimicrobial performances of 
nanosilver. 
2.2.2 Effects of water matrices 
Diversity of water matrices is always a key consideration when 
discussing drinking water treatment, especially for water disinfection. 
Knowing which parameter may enhance or hinder the antimicrobial effects 
of nanosilver would equip us with better knowledge to apply nanosilver for 
water treatment. There are a few publications that have already focused on 
effects of water matrices on antimicrobial activity of AgNPs. Fabrega et al. 
(2009) showed that the presence of HS was able to completely remove the 
bactericidal effects of nanosilver. Two milligrams per litre of AgNPs would 
lead to approximate 80% inhibition of P. fluorescens; by contrast, however, 
no inhibition occurred under same conditions when 10 mg/L of humic acids 
was added to the system. Fabrega and coworkers proposed that HS might 
form a film on the NP, thereby reducing the chance of interaction between 
AgNPs and microbes. This proposed reason was in line with the 
understanding derived from previous studies (Sondi and Salopek-Sondi, 
2004; Shrivastava et al., 2007) and those reported in other nanoparticle-
related investigation (Baalousha et al., 2008; Diegoli et al., 2008). On the 
other hand, HS could also act as an antioxidant by reacting with any ROS, 
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which is another frequently cited mechanism of AgNPs toxicity (Fabrega et 
al., 2009). Therefore HS could worsen the antibacterial performance 
regardless of which mechanism is primary. 
Jin and coworkers’ study was also focusing on such “surface-related 
mechanism” (Jin et al., 2010). Through study of various combinations of 
ubiquitous cations and anions on bacterial inactivation of AgNPs, Jin’s team 
found that presence of Ca2+/Mg2+ ions slightly enhanced the antibacterial 
performance of nanosilver. Such observation was attributed to these 
divalent cations being able to form “ion bridge” between negatively-charged 
AgNPs and lipopolysaccharide on cell membrane. The latter is also 
negatively charged for gram-negative bacteria, Pseudomonas putida, used 
in their study. It was thought that such electrostatic interaction might change 
the cell membrane permeability and facilitate the transfer of silver 
nanoparticles into the cells that enabled more AgNPs access to sites of 
action. This study clearly illustrated that type of electrolytes in water had a 
direct impact on nanosilver disinfection and study on this area would be a 
must for further application of AgNPs in water treatment. 
On top of Ca2+ and Mg2+, other electrolytes also have some impacts 
on antimicrobial effects of AgNPs. Chloride (Cl-) is ubiquitous in drinking 
water and well known for its fast precipitation with Ag+. Back to 1998, Gupta 
and coworkers studied the effects of chloride on toxicity of Ag+ against E. 
coli (Gupta et al., 1998). It was found that when increasing concentration of 
Cl- up to 30 g/L, toxicity of Ag+ could be enhanced, even when inactivating 
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Ag-resistant species, E. coli J53 (pMG101). Such enhancement was 
believed to be caused by formation of soluble complex ions, AgCl2- and 
AgCl32-, at high concentration of Cl-. This finding was further validated by 
Choi et al. (2008) and Levard et al. (2013), in which the AgCl colloids (or 
soluble AgClx(x-1)- species) were found to have as significant toxicity as Ag+ 
and AgNPs (Choi et al., 2008; Levard et al., 2013). Most of the 
concentrations of Cl- used in the above studies were more than 10 g/L, 
which was applicable to wastewater treatment and extreme eco-
environments, but was rare in drinking water treatment. 
Effect of pH is another factor worth considering in the area of water 
disinfection. Studying the growth of planktonic P. fluorescens with AgNPs 
at different pH (6, 7.5 and 9), Fabrega and her team found that alkaline 
condition (pH = 9) was preferred in the hope of enhanced toxicity (Fabrega 
et al., 2009): 90% decrease of growth in pH 9 while only 10% decrease in 
pH 6 at the same dosage of 2 ppm AgNPs. Interestingly, varying pH from 6 
to 9 did not change the particle size distribution significantly (P > 0.05). 
Therefore, there is still a gap explaining such pH-related toxicity. 
Furthermore, El Badawy and coworkers conducted a more comprehensive 
study on the effect of pH on the particle size of AgNPs (El Badawy et al., 
2010). It was reported that whether pH would affect the size was dependent 
on which capping agent was used. Typically size of sterically stabilized 
AgNPs (e.g. PVP-coated) tends to remain while sizes of other AgNPs (e.g. 
citrate-coated) were affected by pH change.  
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2.2.3 Antibacterial and antiviral effects of silver nanoparticles  
Since Sondi and Salopek-Sondi first studied silver nanoparticles for 
antibacterial effects on E. coli in 2004, there has been a boost of 
publications that focus on the antimicrobial effects against different 
microorganisms. Some of the typical and important studies are summarized 
and discussed below. 
Sondi and Salopek-Sondi first studied silver nanoparticles as 
antimicrobial agent with E. coli as a model for Gram-negative bacteria 
(Sondi and Salopek-Sondi, 2004). Silver nanoparticles used in this study 
was synthesized through reduction of silver nitrate by ascorbic acid (Sondi 
et al., 2003); and the inhibition experiments were done both in plates and 
liquid LB medium. Seventy percent of inactivation was reported when 10 
mg/L of nanosilver was added whereas nearly 100% inactivation was 
observed when 50 mg/L was dosed. Growth inhibition of E. coli was 
successfully observed in experiments of dosing nanosilver into liquid LB 
medium as well. Nanosilver spread both in and outside of the cell observed 
by Scanning Electron Microscope (SEM) and further TEM images showed 
that membrane of bacteria was pitted, leaking out the plasma.  Equipped 
with their previous knowledge (Stoimenov et al., 2002), the authors 
speculated the antimicrobial effects were induced by contact of nanosilver 
with membrane, increasing permeability and causing cell death thereafter. 
Although antimicrobial capacity of AgNPs was well reported in this study, 
its full potential was not well exploited yet. 
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Other than mechanisms, studies also focused on the synthesis of 
novel material. Gong and co-workers successfully synthesized magnetic 
Fe3O4@Ag nanoparticles (Gong et al., 2007). Such particles were of sizes 
ranging from 40-80 nm and proven to be able to inhibit the growth of E. coli 
(gram-negative), Staphylococcus epidermidis (gram-positive) and Bacillus 
subtilis (spore bacteria). These magnetic Fe3O4@AgNPs are attractive 
because it could be recycled by magnet after interacting with bacteria and 
reused, providing a new route to compensate for the high price of silver. 
Diversity of antimicrobial effects of AgNPs was also extended to 
viruses. For example, synthesis of AgNPs using fungi biomass was 
developed and its antiviral effects was evaluated by Gaikwad and co-
workers (Gaikwad et al., 2013). Size of silver nanoparticles obtained was 
20 - 40 nm depending on which production systems (i.e. fungi strains) were 
used. Silver-virus interaction was found to be size-dependent: smaller 
particles tended to improve the inhibition effects. This finding was in line 
with previous antibacterial study (Morones et al., 2005), again showing the 
significance of AgNP size. With contact time (24 – 72 hrs), approximate 50% 
- 80% of herpes simplex virus (both type 1 and 2) was inhibited by 10 mg/L 
of AgNPs. This study did make contributions to the extension of 
antimicrobial spectrum of nanosilver; however, long reaction time and 
relatively poor inhibition performance limited application in drinking water 
treatment process. Increasing the dosage of nanosilver might be a solution 
in practical use. 
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There is abundant literature on the antibacterial and antiviral effects 
of nanosilver in the past decade and relevant studies are summarized in 
Table 2-1. The majority of literature reviewed here merely focus on inhibition 
effects with long reaction period and high dosage of AgNPs without 
considering the capital cost and time requirement needed for water 
treatment. This gap serves as a purpose of investigating the antibacterial 
and antiviral effects of AgNPs in terms of both efficiency and cost; that is, 
shorter contact time, higher antimicrobial performance and relatively lower 
dosage of AgNPs. 
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Major effects Highlights reference 




0.01-1 0-26 hrs Inhibition2 
Sphere/rod/triangular AgNPs.  
Triangular was the best. 
(Pal et al., 
2007) 
E. coli ND3 25-100 ND3 Inhibition2 
AgNPs < 10 nm attached to cell membrane.  
{111} was significant. 
(Morones et 
al., 2005) 
E. coli biomass 12.5 2 hrs 7-log removal 
Bio-AgNPs. Antibacterial capacity of AgNPs 






10-100 ND3 MIC4: 70 mg/L 
Magnetic Fe3O4@Ag.  
It could be recycled and reused. 
(Gong et al., 
2007) 
E. coli Un-coated 
0.2-33 
nM 
24 hrs MIC > 3.3 nM Bio-AgNPs. 
(Kim et al., 
2007) 
                                            
1 The unit of concentration is mg/L unless specified. 
2 Inhibition characterized by unquantified growth delay curve. 
3 ND: Not described. 
4 Minimal inhibition concentration, MIC. 









Major effects Highlights reference 
E. coli ND3 
200 as 
Ag 
1 hr 6 log removal Ag@Magnetic hybrid colloids 
(Park et al., 
2013) 
E. coli Saccharide ND3 24 hrs 
MIC > 3.38 
mg/L 






Saccharide ND3 24 hrs 
MIC > 6.75 
mg/L 






ND3 25-100 ND3 Inhibition2 
AgNPs < 10 nm attached to cell membrane.  





biomass 1-500 ND3 MBC1: 200 mg/L 
Bio-AgNPs. Antibacterial capacity of AgNPs 





Saccharide ND3 24 hrs 
MIC > 3.38 
mg/L 






ND3 0-50 24 hrs IC502 >50 
Ag+ was better than AgNPs in antimicrobial 
performance. 
(Jin et al., 
2010) 
                                            
1 Minimal bactericidal concentration, MBC. 
2 Half maximal inhibitory concentration, IC50. 









Major effects Highlights reference 
S. typhus ND3 25-100 ND3 Inhibition2 
AgNPs < 10 nm attached to cell membrane.  





ND3 25-100 ND3 Inhibition2 
AgNPs < 10 nm attached to cell membrane.  







0.002-1 5 days Inhibition2 
BPEI-coated was the best because of 
positive charge. 
(El Badawy 
et al., 2011) 
Bacillus 
subtilis 
ND3 0-50 24 hrs IC50 < 50 
Ag+ was better than AgNPs in antimicrobial 
performance. 






10-100 ND3 MIC: 70 mg/L 
Magnetic Fe3O4@Ag.  
It could be recycled and reused. 




Saccharide ND3 24 hrs 
MIC > 13.5 
mg/L 






Saccharide ND3 24 hrs 
MIC > 13.5 
mg/L 






biomass 1-500 ND3 MBC: 100 mg/L 
Bio-AgNPs. Antibacterial capacity of AgNPs 








24 hrs MIC > 33 nM Bio-AgNPs. 
(Kim et al., 
2007) 









Major effects Highlights reference 
Staphylococc
us aureus 
Saccharide ND3 24 hrs 
MIC > 6.75 
mg/L 









10-100 ND3 MIC: 60 mg/L 
Magnetic Fe3O4@Ag.  
It could be recycled and reused. 





Saccharide ND3 24 hrs 
MIC > 1.69 
mg/L 








50 2 hrs > 70% inhibition AD3 DNA damage observed. 










1 hr nearly 100 % AgNPs/Chitosan. 







50 2 hrs 2.5 log removal 
Inactivation in vivo was also reported on 
mice. 















10 24 hrs 50% inhibition Myco-AgNPs 
(Gaikwad et 
al., 2013) 









Major effects Highlights reference 
Human 
parainfluenza 
virus type 3 
Fungi 
biomass 








1 hr 2 log removal Ag@Magnetic hybrid colloids. Recyclable. 
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2.3 Antimicrobial mechanism of silver ions and silver 
nanoparticles 
Understanding mechanisms of how nanosilver inactivates bacteria and 
viruses is a crucial route to enhance its disinfection performance. In this 
section, mechanisms of Ag+ disinfection are first discussed since nanosilver 
is always associated with silver ions released from the surface. Literature 
on intrinsic antimicrobial nature of nanosilver is covered subsequently. 
2.3.1 Mechanisms of aqueous silver disinfection 
Bactericidal effect of silver ion has been studied for decades (Russell 
and Hugo, 1994); and interaction with thiol groups of the L-cysteine is the 
most widely known mechanism (Liau et al., 1997). Silver ion has an 
extremely strong affinity with sulfur ion (S2-) (Eq 4).  
2Ag+ + S2- → Ag2S ↓  Ksp=8×10-51 (4) 
Consequently there is no doubt that silver would have a strong 
affinity with thiol groups of protein in cells, thereby inhibiting the activity of 
essential enzymes and finally inactivating those cells. L-cysteine is a 
commonly seen amino acid present in protein that contains thiol group 
(Figure 2-3). 
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Figure 2-3 Chemical structure of L-cysteine 
Kim and co-workers (2008) studied the synergetic effects between 
Ag+ and UV-A/visible lights and they noted that this synergy was related to 
this silver-cysteine interaction. Briefly UV-A (or visible light) could catalyze 
the formation of silver-cysteine complex and this complex undergoes a 
photochemical reaction, producing cysteine-dimer (see Eqs 1-3 in Chapter 
1)  
Second mechanism of silver ion disinfection is the interaction 
between ionic silver and DNA. It was reported that DNA molecules of E. coli 
became condensed after Ag+ treatment and it was observed through TEM 
characterization (Feng et al., 2000). Such condensation is believed to occur 
naturally and it could render the incapability of DNA replication. Whether 
condensed DNA molecules are attributed to silver-DNA combination or it is 
only a defense reaction of E. coli still remains a question. Nonetheless, one 
thing is certain: silver ions have interaction with DNA molecules as reported 
in other literature (Rahn and Landry, 1973; Rahn et al., 1973). This Ag-DNA 
interaction could be utilized to enhance disinfection performance: it was 
reported that there was a significant synergy between UV and silver ion and 
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this synergy could be applied as a feasible disinfection strategy (Butkus et 
al., 2004; Butkus et al., 2005).  
Park and coworkers proposed and proved another mechanism 
behind aqueous silver disinfection: silver-ion-mediated reactive oxygen 
species (ROS) generation (Park et al., 2009). Special bacterial reporter 
strains were introduced in their study because such strains owned 
superoxide (O2-)-sensitive protein. Whether ROS are generated by silver 
ions can be determined by monitoring such protein induction. Results 
showed that more than 50% of log inactivation resulted from generation of 
O2- when inactivating either E. coli or Staphylococcus aureus. This ROS 
mechanism well explains the fact that silver ions exhibit better disinfection 
performance in aerobic condition than in anaerobic condition. 
2.3.2 Antibacterial mechanisms of silver nanoparticles disinfection 
To date, antimicrobial effects of nanosilver have not yet been 
understood thoroughly. Many researchers proposed that releasing Ag+ from 
the surface of nanoparticles may be one of mechanisms because 
antimicrobial effects of Ag+ were comparable or even better than that of 
AgNPs (Li et al., 2008; Zodrow et al., 2009; Sintubin et al., 2011). This 
observation was supported by some of the cases, but there were also other 
studies in which nanosilver disinfection could not be simply attributed to the 
silver ion released from the nanoparticles (De Gusseme et al., 2009; Yin et 
al., 2011).  
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Thus far there have been limited studies that systematically discuss 
the intrinsic nature of nanosilver in terms of antimicrobial effects. This 
question remains challenging mainly due to the fact that suspension of 
nanosilver in water is always inevitably associated with releasing Ag+. This 
point of view is in agreement with El Badawy et al. (2011). In supporting 
material of El Badawy et al. (2011), the authors listed 20 publications in 
which purification of nanosilver suspension (i.e. removing Ag+ from 
nanosilver) was not explicitly mentioned. Therefore, it is difficult to 
investigate the roles of Ag+ and AgNPs respectively and determine the main 
cause to which the observed microbial damages were responsible. 
Though it was difficult to distinguish the contributions of NP from that 
of ions, Fabrega and co-workers managed to find some evidence for the 
existence of AgNPs’ ‘extra’ effects (Fabrega et al., 2009). It was found that 
introducing the HS into the system was able to mitigate the bactericidal 
effect of AgNPs, yet had no impacts on toxicity of silver ions. In the presence 
of such HS, the toxicity of AgNPs could have persisted if Ag+ had been the 
main mechanism. Thus comparing the distinct observations of 
microorganisms interacting with AgNPs and Ag+ in the presence of HS 
could serve as a proof that Ag+ was not the primary mechanism of AgNPs 
toxicity. 
El Badawy and co-workers’ study may provide us with some direct 
hints on the intrinsic antimicrobial effects of AgNPs as well (El Badawy et 
al., 2011). In their study, four types of silver nanoparticles, uncoated H2-
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AgNPs, citrate coated AgNPs, PVP coated AgNPs and BPEI coated AgNPs, 
were chosen to study the relative toxicity against Bacillus species. One of 
the highlights of this study was using a continuous flow purification system 
to wash away any Ag+ released so as to obtain simply the nanoparticles. 
The reduction of impurities was indicated by reduction in suspension’s 
conductivity and further confirmed by X-ray photoelectron Spectroscopy 
(XPS) and proton Nuclear Magnetic Resonance (H-NMR). Reduction in 
toxicity was observed after the purification, which was most likely caused 
by the removal of Ag+, proving Ag+ did contribute to the bactericidal effects. 
This study further found that these four types of AgNPs studied were of the 
similar sizes (10-18 nm) but significantly different in toxicity against bacteria 
tested. The only possible reason for this observation was the difference in 
surface charge. Zeta potentials of these AgNPs were -22, -40, -12 and +39 
mV, for H2-AgNPs, citrate-AgNPs, PVP-AgNPs and BPEI-AgNPs, 
respectively. Considering the electrostatic interaction between negatively-
charged bacteria membrane and various AgNPs, BPEI-AgNPs (+39 mV) 
may attract the surface of bacteria, expressing the highest toxicity. As for 
another three AgNPs, toxicity should be in line with electrostatic repulsive 
force: the most negatively-charged AgNPs has the highest repulsive 
electrostatic force, being the least toxic.  The observed results well verified 
this hypothesis: citrate-AgNPs (-40 mV) showed the lowest toxicity and the 
positively-charged BPEI-AgNPs the highest. Moreover, this theory was in 
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line with the study on effects of Mg2+ and Ca2+ (Jin et al., 2010) and the case 
of bactericidal nano-MgO (Stoimenov et al., 2002).  
El Badawy’s study is of great importance in understanding the 
intrinsic bactericidal mechanism of nanosilver. Yet this surface-related 
physical interaction was not fully capable of addressing some questions. 
For instance, if the electrostatic force was the main cause, one could expect 
that gold nanoparticles of positive charges would attract and inactivate any 
negatively-charged bacteria, such as E. coli. Yet majority of studies reported 
the opposite, that gold nanoparticles did not have any antimicrobial effects 
against E. coli (Hwang et al., 2008).  
Hwang et al. (2008) applied stress-specific bioluminescent bacteria 
to study the toxic mode of AgNPs. These special strains were sensitive to 
oxidative damage, protein/membrane and DNA damages, respectively. If 
any above-mentioned damage occurred, corresponding gene could be 
induced and strongly expressed, responding bioluminescence signal. 
Through such experiments, the entire procedure of bactericidal effects of 
AgNPs was described as follows: silver ions produced from AgNPs moved 
inside the bacterial cell, generating superoxide radicals and other ROS via 
reaction with oxygen. At the same time, AgNP itself damaged the cell 
membrane (Morones et al., 2005) and this in turn led to the cell being unable 
to extrude the Ag+, which enhanced the killing effects of Ag+. This 
observation explains why AgNPs caused more damage than Ag+ did. 
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Hwang concluded that AgNPs (including Ag+ released) caused toxicity via 
protein and membrane damage but did not induce DNA damage. 
Systematic study of antibacterial activities of AgNPs was not 
investigated until the advent of Sintubin et al. (2011). In their study, Sintubin 
and co-workers investigated independently three commonly proposed 
mechanisms behind antibacterial activities of AgNPs, namely release of Ag+, 
generation of ROS and direct contact (Sintubin et al., 2011). In order to 
study the contribution of Ag+ release, MIC, MBC and log removal of bacteria 
were determined and compared between AgNPs and Ag+. Results showed 
that the antibacterial profiles of AgNPs and Ag+ were the same or 
comparable, indicating the major contribution of bactericidal effects may be 
attributed to Ag+. Impacts of ROS generation by AgNPs were investigated 
by comparing antibacterial activities under different O2 percentages. This 
experimental design was based on one assumption that different O2 
percentage could directly affect the amount of ROS generated. If 
antibacterial effects mainly relied on ROS generated, different O2 
percentages would reflect on differences in antibacterial activities. Results 
obtained from their observation indicated that ROS generated by AgNPs 
most probably contributed only to a minor extent. Lastly, study on direct 
contact was done by measuring cell membrane permeability and by 
introducing dialysis membrane. Measurement of cell membrane 
permeability could quantify the membrane damage induced by AgNPs and 
introducing dialysis membrane could explicitly help us understand the 
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difference with or without the presence of direct contact. The results 
obtained clearly indicated an insignificant role of direct contact in 
antibacterial activities of AgNPs. 
In their study, Sintubin et al. (2011) also provided practical and useful 
experiment strategies to study the AgNP mechanism. Nevertheless, there 
was still room for improvement in methodology reported in their study, such 
as lack of study in DNA damage.  
2.3.3 Antiviral mechanisms of silver nanoparticles disinfection 
Compared to bacteria, viruses have huge differences that may have 
impacts on resistance to AgNPs and inactivation mechanisms thereof. 
Firstly, size of virus generally is smaller than bacterium. For instance, size 
of MS2 bacteriophage is approximate 25 nm while size of E. coli is 
approximate 1 micron. The size difference may lead to difference in mode 
of contact with AgNPs. Secondly, virus lacks cellular structure. Shell of virus 
only consists of protein coat and in some cases, lipid envelope surrounding 
the coat. In contrast, bacterial membrane has a more complicated structure, 
which involves lipopolysaccharides (gram-negative bacteria), 
peptidoglycan, protein, etc. This structural difference could also lead to 
difference in mode of contact with AgNPs. Thirdly, viruses do not have 
metabolism. Intact protein capsid and undamaged genome translates into 
the infectivity of virus. On the other hand, bacteria reproduction cycle 
requires more enzyme functions. Any intervention of these functions may 
lead to loss of bacterial infectivity. 
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Considering the huge difference between bacteria and viruses, 
antiviral mechanisms could be significantly different from antibacterial 
mechanisms. In spite of the well-documented antibacterial mechanism, 
systematic understanding of antiviral mechanisms of AgNPs remains a gap 
although some observations have been more or less reported by previous 
literature. 
Elechiguerra et al. (2005) may be one of the earliest studies that 
observed interaction of AgNPs with viruses, HIV-1 specifically. Through 
analysis of TEM images and high angle annular dark field (HAADF) images, 
Elechiguerra and co-workers claimed that interaction with the gp 120 knobs 
of HIV was one of the major mechanisms of AgNPs to inhibit viral 
attachment to host cell, leading to overall inhibition of HIV infection 
(Elechiguerra et al., 2005). This conclusion was further confirmed by other 
study (Rogers et al., 2008). Similarly, TEM images of H3N2 influenza virus 
and adenovirus interacting with AgNPs showed that noticeable damage of 
the capsid was clearly proven and morphology (structure) of virus particle 
was breached and broken (Chen et al., 2013; Xiang et al., 2013). 
Furthermore, DNA copies of adenovirus decreased significantly after the 
AgNPs treatment in a dose-dependent manner, suggesting AgNPs were 
able to cause damage to gene as well. This point of view was shared by 
other studies (Lu et al., 2008; Lara et al., 2010). It is worth reviewing the 
study of Lara et al. (2010) because the authors provided an innovative 
aspect of studying modes of antiviral actions by looking into the roles of 
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AgNPs in different stages of HIV-1 life cycle. It was reported that AgNPs 
exerted anti-HIV effects at an early stage by inhibition of viral entry or 
attachment to cells. Besides, AgNPs also inhibited post-entry stages of virus 
life cycle, most probably by blocking HIV-1 proteins. 
Compared to massive publications on antibacterial mechanisms, 
there have been limited studies on antiviral mechanism thus far. 
Furthermore, most of the studies in this part focus merely on viral damage, 
either capsid damage or genome damage. However, complete mechanism 
study must consist of studies on both AgNPs (antiviral agent) and viruses 
(target). Study on AgNPs is to find out what is the key property that 
determines the antiviral effects. Answering this could help us develop better 
nanosilver. On the other hand, study on viruses is to investigate what types 
of viral damage has been caused. Investigation of viral damage caused by 
AgNPs will equip us with a better understanding of virus behaviours after 
AgNPs treatment. 
2.4 Continuous disinfection system with silver nanoparticles 
Many efforts have been put in application of AgNPs in continuous 
flow-through system. Review of previous literature shows that AgNPs has 
been successfully incorporated in many materials or devices to serve as 
disinfectants, such as polymer foam (Jain and Pradeep, 2005), ceramic 
materials (Oyanedel-Craver and Smith, 2008; Lv et al., 2009), filter paper 
(Dankovich and Gray, 2011) and membrane (Zodrow et al., 2009; De 
Gusseme et al., 2011). Detailed review is presented below. 
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Polyurethane (PU) foams were soaked in Ag@citrate NPs 
suspension for coating overnight by Jain and Pradeep (2005). After 
saturated coating, such AgNPs-contained PU foams were washed 
repeatedly to remove any adsorbed ions and then air-dried. With a flow rate 
of 0.5 L/min, 120 L of E. coli-contaminated tap water (105 CFU/mL) were 
passing through the PU foams and no E. coli colonies were found in further 
enumeration. Effective as this material may be, the authors failed to answer 
one key question: how much AgNPs were incorporated in PU foam after 
soaking and washing. Lack of quantification of AgNPs in PU foam may 
jeopardize the reproducibility of the entire experiment. And due to the same 
reason, it was impossible to discuss whether or not this material was 
economically beneficial.  
With similar ‘soak-and-absorb’ method, Lv and coworkers 
synthesized AgNPs-contained ceramic composite (Lv et al., 2009). The 
highlight of this study was that modification of amino groups on the ceramic 
surface by using 3-aminopropyltriethoxysilane was conducted to ensure a 
better absorbance of AgNPs. Results indicated that such ceramic 
composite was also able to inactivate all the initial E. coli (105 CFU/mL for 
500 mL) at a flow rate of 10 mL/min. This ‘soak-and-absorb’ strategy was 
easy to control but difficult to quantify the AgNPs usage. On top of this ‘soak-
and-absorb’ strategy, Oyanedel-Craver and Smith (2008) provided another 
method to fix AgNPs onto ceramic filter: painting. Straightforward as it was, 
concentrate suspension of AgNPs was painted on the filter surface for 
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economical usage of AgNPs. These two ways of fixing AgNPs on the 
surface did not make a significant difference in terms of disinfection 
performances. Over 6 log inactivation of E. coli were achieved for at least 
90 min. Ionic silver release was monitored and the concentrations of all the 
samples were lower than 0.1 mg/L, which was in compliance with WHO and 
USEPA recommendations (WHO, 2006). 
Dankovich and Gray synthesized nanosilver in situ with the presence 
of filter paper in order to generate a bactericidal filter paper (Dankovich and 
Gray, 2011). Water spiked with bacteria was vertically passing through such 
filter paper with simply gravity. It was noted that more than 7 log removal of 
E. coli and 3 log of Enterococci faecalis were achieved. The researchers 
also monitored the concentration of releasing Ag+ to make sure it was not 
higher than 0.1 mg/L. The combination of AgNPs and a paper sheet shed 
some light on the development of light, cheap, portable and point-of-use 
water purification device. 
Besides antibacterial performance, antiviral effects of AgNPs-
involved continuous system were also studied. Zodrow et al. (2009) 
synthesized membranes with AgNPs impregnated by means of the ‘phase 
inversion’ strategy. The silver-impregnated membrane showed strong 
inactivation capacity against MS2 coliphage as well as E. coli K12, and 
Pseudomonas mendocina KR1. Another team from Belgium has also 
considered viral inactivation using biogenic nanosilver immobilized in 
polyvinylidene (PVDF) fluoride membranes (De Gusseme et al., 2011). 
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Continuous flow system was built up with such nanosilver-contained 
membrane to examine the viral inactivation of UZ1 bacteriophage. With a 
flow rate of 0.375 L/h and a hydraulic retention time (HRT) of 1 hour, the 
continuous flow system could achieve around 4 log removal of UZ1 after 2 
hrs and the concentration of Ag+ in finished water was as low as 27±8 µg/L.  
These studies provide invaluable experience on how to implement 
AgNPs in a continuous flow system and have undeniable achievements on 
antimicrobial effects of AgNPs. However, these studies ignore several 
challenges. Firstly, water matrices of real water are reported to affect the 
antimicrobial effects of AgNPs but not considered in those studies. 
Secondly, the long-term performance of such continuous flow system was 
not investigated. In addition, recovery methods after continuous usage need 
to be addressed. 
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CHAPTER 3 MATERIALS AND METHODS 
3.1 Silver nanoparticles 
Chemicals used in this study were purchased from Sigma-Aldrich, US, 
unless otherwise specified. Deionized water (DI water) used throughout this 
study was 18 mΩ▪cm pure water produced by MilliQ water purification 
system (Milipore, US). Commercial silver nanoparticles (99.5% pure, 
referred to as ‘com-AgNPs’) were purchased directly from Sigma-Aldrich, 
US and used without further purification. 
3.1.1 Chemically-synthesized silver nanoparticles 
Chem-AgNPs were synthesized based on procedures developed by 
Pal et al. (2007) with minor changes. Typically, 0.5 mL of 0.01 M NaBH4 
was rapidly injected into solution containing 0.5 mL of 0.01 M AgNO3 and 
20 mL of 1 mM sodium citrate. Resulting solution was vigorously stirred for 
5 min and aged for 1.5 hours to serve as Ag seed solution. Thereafter, 100 
mL of 1 mM AgNO3 was boiled and 3 mL of Ag seed solution and 1.04 mL 
of 0.1 M sodium citrate were then added and kept boiled until the solution 
turned greenish yellow. After being cooled down to room temperature, 
obtained nanosilver colloids were washed with DI water three times using 
centrifuge (13000×g, 15 min). 
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3.1.2 Biologically-synthesized silver nanoparticles 
Bio-AgNPs was synthesized according to Sintubin et al. (2009). 
Typically, L. fermentum ATCC 11976 was purchased from American Type 
Culture Collection (ATCC), US. It was inoculated in autoclaved Man-
Rogosa-Sharpe (MRS) broth (5.21 g dissolved into 100 mL, Oxoid, UK). 
After 48-hour incubation at 30°C shaker incubator (Orbital, Taiwan), 
biomass of L. fermentum was harvested and washed three times by 
centrifuge (5000×g, 10 min). After diluting to 4.6 g (as cell dry weight 
(CDW)) per litre, the biomass was alkalified by adding 2.56 v% of 1 M NaOH 
solution. 16.5 mg/mL (as Ag) of Ag(NH3)2NO3 solution was then added into 
the obtained biomass to achieve a ratio of 1:4.6 for Ag:CDW. The mixture 
was carefully covered by aluminum foil and shaken at room temperature 
(28 °C) for 24 hours. Bio-AgNPs was then purified using centrifuge 
(10000×g, 15 min). In this thesis, the term, bio-AgNPs, was mixture of 
AgNPs and the biomass (dead cell) and further extraction of AgNPs out of 
biomass would not be applied. 
3.1.3 Characterization of silver nanoparticles 
TEM (JEM 3010, JEOL Ltd., Japan) was used to characterize size 
and shape of AgNPs at 300 kV in this study. Samples were prepared by 
depositing a drop of freshly prepared AgNPs suspension (aqueous) on a 
carbon coated copper grid (formvar mesh with double carbon coating, 
Analytical Technologies Pte Ltd, Singapore) and air-dried at room 
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temperature overnight. TEM test was conducted with energy-dispersive X-
ray spectroscopy (EDX, INCAx-Sight, Oxford Instruments) in order to further 
validating the presence of AgNPs by the occurrence of Ag-specific peaks. 
Inductively coupled plasma optical emission spectrometry (ICP-OES, 
PerkinElmer, USA) was used to quantify the concentration of AgNPs 
synthesized after being digested with 65% HNO3 and 30% H2O2 in 
compliance with USEPA 3050B. The typical digestion process was 
described below: 2 mL of AgNPs suspension was added into a beaker 
containing 2 mL of 65% HNO3 and heated to boiling. Subsequently 1 mL of 
30% H2O2 was added. This suspension was kept boiling until it changed 
from dark suspension (AgNPs) into colorless and transparent solution (ionic 
silver). After digestion, ICP-OES test was conducted to measure the 
concentration of ionic silver in the solution, so that the mass concentration 
of AgNPs could be determined. Detection limit of ICP-OES for silver is 0.1 
mg/L and silver standard solution (Sigma-Aldrich) was used as standard 
curve in ICP-OES. 
Zeta potential (ζ, mV) and hydrodynamic diameter (HDD, nm) of 
nanoparticles tested were measured by Zeta Potential Analyzer (ZetaPALS, 
Brookhaven Instruments Corporation, US) at pH 7. The HDD was 
determined with a 633 nm laser source and a detection angle of 173°.  
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3.2 Microorganisms cultivation and enumeration 
Bacterial and viral pathogens are still the highest ranked causes of disease 
outbreaks associated with drinking water in US, 2009-2010 (Hilborn et al., 
2013), accounting for a total of 93.4% of the cases reported. Hence this 
thesis focused only on bacteria and viruses; and E. coli and MS2 coliphage 
were chosen as indicators of bacterial and viral pathogens, respectively. 
3.2.1 Incubation of E. coli and MS2 coliphage 
Sterilization of broth and other solution involved were done by 
autoclave at 121°C for 15 min throughout the entire study. E. coli ATCC 
15597 and MS2 coliphage ATCC 15597-B1 were chosen as models of 
bacteria and viruses in water and purchased directly from ATCC, US. All 
incubations were conducted at 37°C and 120 rpm. A culture of E. coli ATCC 
15597 was incubated in tryptic soy broth (TSB, 0.9 g dissolved into 30 mL, 
Oxoid, UK) overnight. One milliliter of such E. coli overnight culture was 
transferred and incubated in 30 mL of fresh TSB for 4 hrs to obtain E. coli 
at exponential phase, which was washed three times using centrifuge 
(2500×g, 10 min) before conducting inactivation experiments. Original 
concentration of E. coli was 106 CFU/mL. 
Stock of MS2 coliphage ATCC 15597-B1 was mixed with E. coli of 
exponential phase and incubated for 20 hours. As-prepared MS2 
suspension was centrifuged at 3600×g for 10 min and the obtained 
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supernatant was passed through a 0.22-μm sterile filter. Filtrate was then 
used as the MS2 stock (1011 PFU/mL). 
3.2.2 Enumeration of E. coli and MS2 coliphage 
Enumeration of E. coli relied on plate culture method in accordance 
to Kim et al. (2008). A series of 10-fold dilutions were performed in 0.9% 
NaCl solution and 0.1 mL of at least consecutive three dilutions was spread 
on TSB agar plates in duplicates, incubated at 37°C overnight (> 18 hrs). 
The dilution giving the valid number of CFU (30 < N < 300) was averaged 
and used to calculate the E. coli log removal. 
Enumeration of MS2 was done using Double Agar Layer (DAL) 
method in accordance to the USEPA standard method 1602 (Butkus et al., 
2004). The sample was 10-fold diluted serially to the required dilution in 0.9% 
NaCl solution. Zero point one millilitre of E. coli in log-phase and 0.5 mL of 
sample were transferred and mixed in 3 mL of molten top agar at 49°C 
(Butkus et al., 2004). After mixing well, the molten agar was poured on to 
TSB plates. After agar solidification, the plates were then incubated at 37°C 
overnight (> 18 hrs). The dilution giving the valid number of PFU (30 < N < 
300) was averaged and used to further calculate the MS2 bacteriophage 
log removal. 
Enumeration of samples with the presence of AgNPs did not affect 
the counting of either E. coli or MS2 coliphage because the dilution solution, 
0.9% NaCl solution, contained approximately 5400 ppm of chloride, which 
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would quench the disinfection capacity of AgNPs in our experiments (please 
refer to Chapter 4.2.1). 
3.3 Disinfection experiments 
AgNPs suspension was mixed with washed E. coli (or MS2 coliphage stock) 
to render a 10-mL reaction system that contained 10 mg/L of AgNPs and 
105 CFU/mL of E. coli (or 106 PFU/mL of MS2 coliphage). Such reactions 
were continuously stirred at room temperature and covered by aluminum 
foil to minimize the impact of ambient light. Samples were taken after 5-, 
10-, 30- and 60-min contact time. Proper dilution and enumeration were 
conducted within 5 min after sampling. Inactivation was expressed as log 
base 10 values, which equals log10 (C0/Ct). Each experiment was conducted 
in triplicates and error bars denoted one standard deviation. 
3.4 Effects of water matrices 
Sodium nitrate was selected to simulate ionic strength while calcium nitrate 
and magnesium nitrate were selected to simulate the hardness present in 
natural water. Sodium chloride was introduced as the source of Cl- while 
humic acid as the source of HS. These conditions were chosen because 
antimicrobial effects of nanosilver were reported to be affected by these 
conditions according to previous studies (Fabrega et al., 2009; Jin et al., 
2010; El Badawy et al., 2011). Buffer solutions were used as follows: pH 5.8 
– phosphate (0.1mM); pH 7.4 – phosphate (0.1mM) and pH 9.0 - Borax 
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solution (1mM). Concentration of bio-AgNPs and contact time were fixed at 
10 mg/L and 10 min, respectively, in this part of the study. 
Range of water matrices to be studied is summarized in Table 3-1. This 
range of water matrices was carefully selected in order to cover the typical 
water quality of surface water (Crittenden et al., 2005; Jin et al., 2010).  
Table 3-1 Range of water matrices to be studied 
 Range 
Cl- 1 - 20 ppm 
Ca2+/Mg2+ 0.94 - 188 ppm  
as CaCO3 
Ionic strength 0.028 - 5.6 mM 
HS 1 - 30 ppm 
pH 5.8; 7.4; 9.0 
 
As for measurement of Ca2+ and Mg2+, ion chromatography (IC) system 
(LC20 Chromatography Enclosure, Dionex, Thermo Scientific, US) was 
used. And TOC Analyzer (TOC-L, Shimadzu, Japan) was introduced to 
measure the concentration of HS. For pH value measurement, electronic 
pH meter (pH 700, Eutech Instruments, Singapore) was used in this study. 
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3.5 Mechanism study 
3.5.1 Mode of action of nanosilver 
Typically, bio-AgNPs suspension was mixed with MS2 coliphage 
stock to obtain a 10-mL reaction system unless otherwise specified. Initial 
concentration of MS2 coliphage employed in this study was maintained at 
106 PFU/mL. All the reactions were conducted under continuously stirred 
conditions at room temperature and covered by aluminum foil to minimize 
the impact of ambient light. Contact time was maintained at 10 min unless 
specified. 
In order to investigate the role of released silver ions, 157.4 mg of 
AgNO3 was dissolved into 100 mL of DI water to obtain 1000 mg Ag/L stock 
solution. Bio-AgNPs (or Ag+) was mixed with MS2 coliphage at pre-
determined concentrations (10, 25 and 50 mg/L) and contact times (5 and 
10 min). Comparison of inactivation of MS2 bacteriophage was also 
conducted at 10 mg/L for bio-AgNPs and 0.5 mg/L for Ag+, respectively. 
Samples were taken at 5, 10, 30 and 60 min.  
To study the role of ROS, 15-mL penicillin bottles with 10 mg/L of 
bio-AgNPs and MS2 coliphage were incubated under different oxygen 
levels: anaerobic (0% O2), atmosphere (21% O2) and hyperoxic (60% O2). 
To establish anaerobic conditions, penicillin bottles were purged with N2 for 
5 min while 2.5 mL of pure O2 was spiked to the headspace of the bottles 
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to achieve hyperoxic condition. Samples under these three conditions were 
taken at 5-, 10-, 30- and 60-min contact time, respectively. 
Role of direct contact was studied with the setups illustrated in Figure 
3-1. Dialysis membrane tubing (MWCO: 12-14,000, Spectrum Spetra/Por 
molecularporous membrane, Spectrum Lab, US) was used to block the 
direct contact between MS2 and bio-AgNPs as shown in Figure 3-1-A. 
Figure 3-1-B was adopted as control, in which bio-AgNPs were mixed with 
MS2 thoroughly in the container when the same dialysis tubing was present. 
After 1 hour agitation, samples were taken and plate cultures were 
conducted immediately after dilution. 
 
Figure 3-1 Experiment setup to study the role of direct contact. In setup (A), bio-AgNPs were 
placed in dialysis tubing while in setup (B) bio-AgNPs were fully mixed with MS2 in the 
container. Both systems were agitated and sampled after 1-hour contact time. MS2 
coliphage was spiked directly in the container. 
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3.5.2 Viral damage 
In order to study the reduction of antigenicity of MS2 coliphage, 
sandwich Enzyme-Linked Immunosorbent Assay (ELISA) assay (MS2 virus 
BioThreat Alert ELISA kit pre-coated, Tetracore, US) was performed to 
quantify such damage according to previous study (Kim et al., 2011) as well 
as manufacturer’s instructions. For buffer preparation, 0.8 mL of Tween-20 
was added to 800 mL of phosphate buffered saline (PBS, 1 tablet/100 mL, 
Oxoid, UK) to obtain PBS with Tween (PBST) and 5 g of dry skim milk was 
added into 100 mL of such PBST to gain ELISA dilution/blocking buffer. The 
as-received plate was blocked with 150 µl of ELISA dilution/blocking buffer 
at 37 ˚C for 1 h. Subsequently 100 µl of MS2 samples were inoculated into 
the well and incubated for another 1 hour at 37˚C. Then, 100 µl of detector 
antibody (Mouse monoclonal anti-MS2 Virus, 2.5 µg/mL), 100 µl of 
conjugate antibody (Goat anti-mouse IgG-HRP, 0.08 µg/mL) and 100 µl of 
2,2'-Azinobis [3-ethylbenzothiazoline-6-sulfonic acid]-diammonium salt 
(ABTS) 2-part peroxidase substrate were added into each well and 
incubated for 1 hour at 37 ˚C, respectively, with PBST washing (4 times) 
between each step. Microtiter plate reader (Sunrise, Tecan, Switzerland) 
was then used to read the absorbance at 405 nm. 
QIAamp Viral RNA Mini Kit (QIAGEN, Germany) was used to extract 
RNA from MS2 samples according to manufacturer’s instructions. Four 
primer sets (Table 3-2) were selected from previous study (O'Connell et al., 
2006). To perform a quantitative Real-Time Polymerase Chain Reaction 
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(qRT-PCR) test, iScript One-Step RT-PCR with SYBR® Green kit (Bio-Rad, 
US) was used as received and each primer set was added to a final 
concentration of 400 nM in 50-µl reaction mixture. Assays were performed 
on iCycler iQTM real-time detection system (Bio-Rad, US) with the following 
protocol: 48˚C for 30 min, 95˚C for 10 min, 40 cycles of 95˚C for 15 s, 62˚C 
for 60 s, followed by incubations at 95˚C for 15 s, 60˚C for 15 s and 95˚C 
for 15 s. RNA samples were tested in duplicates and average cycle 
threshold (CT) numbers were plotted against the known concentration of 
MS2 bacteriophage (in log value, Figure 3-2) in order to further calculate 
the log inactivation in view of genome damage (Pecson et al., 2009). Figure 
3-2 clearly shows the inversely linear relationship between CT numbers and 
concentrations of viable MS2 bacteriophage (in log) for all the 4 primer sets. 
This translated into the validity of quantifying MS2 bacteriophage using 
qRT-PCR. 
Table 3-2 Primer sets of MS2 genome used for RT-PCR test 
Primer 
Set 
Start1 direction Primer sequences (5’-3’) Product of 
target gene2 
1 1155 Forward TGTGGAGAGACAGGGCACTG Assembly 
Protein 
 1231 Reverse CAGTTGTTGGCCATACGGATT 
2 1449 Forward  CGTTCACAGGCTTACAAAGTAACCT Coat protein 
                                            
1 Position of first base in each oligonucleotide sequence of MS2 in GenBank accession no. 
NC_001417 
2 Protein names as given in GenBank genome sequence accession NC_001417. 
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 1555 Reverse CCAACAGTCTGGGTTGCCAC 
3 1693 Forward  CCTCAGCAATCGCAGCAAA Lysis protein 
 1807 Reverse GGAAGATCAATACATAAAGAGTTGAAC
TTC 
4 2232 Forward  GCTCTGAGAGCGGCTCTATTG RNA 
replicase β 
chain  2301 Reverse  CGTTATAGCGGACCGCGT 
 
Figure 3-2 Standard curve of 4 primer sets: the CT number versus log value of concentration 
of MS2 bacteriophage. 
3.6 Continuous flow system with nanosilver 
This part of study was conducted to investigate the extent of silver 
nanomaterial in removing pathogens in continuous flow mode. It would be 
more efficient to inactivate pathogens incessantly in contaminated water 
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once nanosilver was proved to be capable and sustainable in continuous 
mode. In this part, direct spray method was used to fix nanosilver in system. 
This method is simple and direct, focusing solely on the inherent inactivation 
capacity of nanosilver.  
Bio-AgNPs suspension containing 5 mg of bio-AgNPs was dispersed onto 
20 g of glasswool (Sigma-Aldrich, US) using spray. After drying overnight 
(>18 hrs) in oven at 50˚C, the AgNPs-containing glasswool was placed in 
stainless steel column (Vol = 0.22 L, Sartorius stedim, Goettingen, 
Germany). E. coli or MS2 coliphage was spiked into DI water to achieve an 
initial concentration of 107 CFU/mL or 106 PFU/mL, respectively, in order to 
mimic bacteria- or virus-contaminated water. Such synthetic water was 
delivered to glasswool-contained column, from bottom to top, using a 
peristaltic pump (6-600 rpm, Model No. 7553-75, Cole-Parmer Instrument 
Company) at a flow rate of 10 mL/min.  
Concentrations of E. coli or MS2 bacteriophage in feed water (Figure 3-3-
A) were deemed as initial concentration (Control). Approximate 2 mL of 
treated samples was collected each time directly at the outlet and were 
enumerated within 5 min to minimize other impacts, such as self-decay, etc. 
Blank experiments were also conducted with the same conditions without 
AgNPs coating. As for continuous flow system against E. coli, samples were 
taken at 10, 30 and 60 min. Then the whole system was stopped and 
backwashed at 40 mL/min of DI water for 10min. After backwash, samples 
were again collected at 10, 30 and 60 min, and repeat this for the third time. 
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As for continuous flow system against MS2 coliphage, samples were taken 
at 10, 20, 30, 60, 90 and 120 min. 
 
Figure 3-3 (A) scheme of continuous flow system setup; (B) photo of continuous flow 
system setup. 
Backwash was implemented to investigate whether or not it could recover 
the disinfection performance. Glasswool column was turned upside down 
and DI water was delivered upwards using the same peristaltic pump at a 
flow rate of 40 mL/min. Duration of the backwash was 10 min each time. In 
the case of air-assisted backwash (air scour), air was generated by air pump 
(Boyu S-4000B). Subsequently the air was mixed with DI water (40 mL/min) 
and delivered to the column at a flow rate of 100 mL/min (Dwyer air flow 
meter, 100-10,000 cc/min). Photo of backwash connection was shown in 
Figure 3-4.  
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Figure 3-4 Photo of continuous flow system during air-assisted backwash. 
3.7 Data interpretation 
For plate culture method, inactivation was expressed as log base 10 values, 
which equals log10(C0/Ct). Genome copy (presented as N0 or Nt) was 
calculated using standard curve obtained by a series of concentrations of 
untreated MS2 as a function of CT values. Bench-scale experiments were 
conducted in triplicates and continuous flow experiments were repeated at 
least twice. Error bars denoted one standard deviation. Data were analyzed 
using pair-sample t-test. P value of 0.05 or lower was considered to be 
statistically significant. 
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CHAPTER 4 RESULTS AND DISCUSSION 
4.1 Selection of different nanosilver 
4.1.1 Characterization of different nanosilver 
TEM images of the nanosilver are shown in Figure 4-1. It is noted 
that the com-AgNPs had severe aggregation with size ranging from 70 nm 
(inset of Figure 4-1-A) to several hundred nanometres (Figure 4-1-A) while 
chem-AgNPs had smaller size, ranging from 20 to 100 nm (Figure 4-1-B). 
Compared with study of Pal et al. (2007), chem-AgNPs used in this study 
were successfully synthesized as they had same size and shape. Bio-
AgNPs (Figure 4-1-C & D) might have the best dispersion as the biomass 
served as scaffold, thereby avoiding aggregation from happening (Sintubin 
et al., 2009). Black dots seen in Figure 4-1-C and Figure 4-1-D were silver 
nanoparticles verified by EDX. Dark area shown in Figure 4-1-C was simply 
TEM copper grid determined by EDX. From Figure 4-1-C, it was clearly 
seen that most of silver nanoparticles were located in the cytoplasm and 
some of them on the cell wall (Figure 4-1-D). Apart from better dispersion, 
size of the bio-AgNPs was smaller (around 10 nm as shown Figure 4-1-D) 
than that of either com-AgNPs or chem-AgNPs. These TEM images were 
consistent with those presented in the study of Sintubin et al. (2009). 
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Figure 4-1 TEM images of (A) com-AgNPs, (B) chem-AgNPs and (C) & (D) bio-AgNPs. Insets 
are respective single particle with the same scale bar of 20 nm. 
HDD and zeta potential of three AgNPs are shown in Table 4-1. Generally 
HDD measurement is more suitable to reflect the actual size of 
nanoparticles in aqueous solution as TEM may not depict the whole picture 
of nanoparticles. Additionally HDD and zeta potential could also be further 
proof of stability of AgNPs (El Badawy et al., 2010). HDD of com-AgNPs 
(322.7 nm) and chem-AgNPs (122.2 nm) were in good agreement with what 
were observed in TEM images (Figure 4-1): com-AgNPs had the most 
severe aggregation while chem-AgNPs had also aggregation to some 
extent. It should be noted that HDD of bio-AgNPs (666.7 nm) may not be 
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an accurate estimation of the size of bio-AgNPs. As for bio-AgNPs, silver 
nanoparticles were attached to the biomass of dead bacteria; however, 
HDD relied on laser reflection, which would treat one dead bacterium as 
one single particle. In fact, this explanation was supported by the fact that 
size of bacteria is indeed 0.5 – 5.0 microns, which was closed to the 
observed HDD (666.7 nm). 
Table 4-1 HDD and zeta potential of com-AgNPs, chem-AgNPs and bio-AgNPs 
  com-AgNPs chem-AgNPs bio-AgNPs 
HDD /nm 322.7 ± 12.2 122.2 ± 1.1 666.7 ± 56.2 
zeta potential /mV -44.32 ± 0.74 -9.06 ± 2.04 -31.96 ± 2.18 
 
The exact size of bio-AgNPs could only be measured by TEM images. 
Figure 4-2 is the histogram of size distribution of bio-AgNPs determined by 
multiple TEM images (Figure A1 in Appendix). The effective size of bio-
AgNPs shown here was approximately 30 nm, the smallest material among 
these three. 
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Figure 4-2 Histogram of size distribution of bio-AgNPs: percentage vs. size (nm). N = 328. 
4.1.2 Comparison of effects of different nanosilver against E. coli 
The profiles of log removal of E. coli versus contact time associated 
with com-AgNPs, chem-AgNPs and bio-AgNPs against E. coli are 
presented in Figure 4-3. It is noted that performances of com-AgNPs and 
chem-AgNPs were slightly enhanced by the increase of contact time from 5 
min to 60 min; however, no significant difference between these 
performances were detected (P > 0.05). One possible reason why chem-
AgNPs was no better than com-AgNPs could be attributed to similar severe 
aggregation of nanoparticles as characterized previously. This explanation 
was in good agreement with previous study regarding the size effect of 
nanosilver (Morones et al., 2005): the nanoparticles that contributed the 
most were those smaller ones. On the other hand, excellent disinfection 
74 | Page 
performances were achieved by bio-AgNPs. There were no colonies seen 
on the plates after overnight incubation of bio-AgNPs treated samples, even 
for those samples with 5-min contact time, which indicated a greater than 
6.3 log removal. In fact, same observations were derived from experiments 
with shorter (1-min) and longer (10-, 30- and 60-min) contact time. 
Considering this 6.3-log removal is the detection limit of this method, no 
error bar was given.  
The conclusion that bio-AgNPs had much better performance 
against E. coli was in good agreement with Sintubin et al. (2011). It was 
reported that bio-AgNPs have much lower values of MIC and MBC 
compared with the corresponding values associated with chem-AgNPs 
(Sintubin et al., 2011): MIC and MBC for bio-AgNPs were 12.5 mg/L and 25 
mg/L, respectively while MIC and MBC for chem-AgNPs were both 500 
mg/L. The authors also attributed such difference to the size effect 
(Morones et al., 2005; Lok et al., 2007; Pal et al., 2007). In spite of the 
different quantification methods (MIC/MBC versus plate culture method), 
their findings agree with the observation obtained in this study that bio-
AgNPs were more likely to be the better disinfectant compared with com-
AgNPs and chem-AgNPs.  
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Figure 4-3 Comparison of log removals of E. coli by three types of nanosilver. Concentration 
of AgNPs was 10 mg/L. Some error bars may be smaller than the depicted symbols. 
4.1.3 Comparison of effects of different nanosilver against MS2 coliphage 
The performances of three types of nanosilver in terms of MS2 
coliphage inactivation are shown in Figure 4-4. Being similar to the results 
of E. coli, bio-AgNPs achieved the best performance among the three, 
inactivating 3.0 and 4.3 log MS2 with contact time of 5 and 10 min, 
respectively. Extending contact time to 30 min or even 60 min did not 
increase the log removal much. On the other hand, com-AgNPs and chem-
AgNPs were not effective in inactivating MS2 bacteriophage. Comparing 
the performances of bio-AgNPs in Figure 4-3 and Figure 4-4, more than 6 
log removal of E. coli and more than 4 log removal of MS2 bacteriophage 
were achieved under the same conditions (10 mg/L of bio-AgNPs for 10 
min). Possible reason for the difference in performance might be that MS2 
coliphage was more resistant to bio-AgNPs than E. coli.  
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Figure 4-4 Comparison of log removal of MS2 coliphage by three types of nanosilver. 
Concentration of AgNPs was 10 mg/L. Some error bars may be smaller than the depicted 
symbols. 
The difference among these AgNPs could be well explained by the 
size difference. As characterized previously, bio-AgNPs had the smallest 
size (20 - 40 nm), thereby the largest surface area among these three 
AgNPs (Figure 4-1). Generally larger surface area provides more contacts 
between viruses and AgNPs, leading to greater viral inactivation. Chapter 
4.3.1 will demonstrate the importance of direct contact between virus and 
AgNPs in terms of antiviral activities. 
By comparing the antibacterial and antiviral effects of three AgNPs 
above, it is clearly shown that bio-AgNPs achieved the best performance. 
Their difference may be mainly due to the fact that bio-AgNPs had the 
smaller particle size than the other two. This finding was in good agreement 
with Morones et al. (2005) that antimicrobial effects of nanosilver were 
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mainly contributed by small AgNPs. Therefore, bio-AgNPs were chosen to 
be studied in the following sections. 
4.1.4 Viral inactivation profile of biologically-synthesized silver 
nanoparticles 
Inactivation of MS2 coliphage by bio-AgNPs with varying contact 
time and concentration of bio-AgNPs was profiled in order to optimize the 
conditions so as to fulfil the 4-log viral removal recommended in drinking 
water guidelines by USEPA (Figure 4-5). Five mg/L of bio-AgNPs was not 
sufficient to achieve 4 log removals even if the contact time was increased 
up to 120 min, while 10 mg/L of bio-AgNPs was capable of fulfilling 4-log 
removal with only 10 min of contact time. On the other hand, increasing 
dosage from 10 mg/L to 25 mg/L had no significant benefits (P = 0.84); and 
increasing the contact time did not result in an increase in log inactivation 
of MS2 after 10 min for 10 mg/L dosage. Such phenomenon was also 
observed by De Gusseme et al. (2009), in which no increase of log 
inactivation gained after 3 hrs. These two findings suggested that 10 mg/L 
of bio-AgNPs with 10 min of contact time represent an effective operating 
condition. 
De Gusseme et al. (2009) reported viral removal of bio-AgNPs on 
UZ1 bacteriophage. They reported a slightly better disinfection performance 
than what was observed in this study and the main reason might be the 
resistance difference between UZ1 and MS2. In our understanding, UZ1, a 
DNA phage, was barely used as indicator in drinking water quality control 
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whilst previous study has already suggested that only F-specific RNA 
phages (e.g. MS2 coliphage) would have a resistance high enough to be 
considered as an acceptable indicator (Havelaar et al., 1991). Therefore 
study on removal of MS2 would be of greater significance in drinking water 
quality control. 
 
Figure 4-5 Log removal of MS2 coliphage by bio-AgNPs. 
4.2 Effects of water matrices 
Effects of water matrices on antiviral effects of bio-AgNPs were shown and 
discussed in this section. This part is to evaluate the feasibility of application 
of AgNPs by studying in synthetic water. Real water matrices can be 
complex and unstable from time to time. Therefore in this section, several 
crucial parameters, namely chloride, hardness, ionic strength, HS and pH, 
were introduced based on literature review. These parameters were 
evaluated separately in order to obtain a clearer picture. 
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4.2.1 Effects of chloride 
Effects of chloride on antiviral effects of bio-AgNPs were shown in 
Figure 4-6. Dramatic decrease of log removal occurred with the increase of 
concentration of Cl-, in which even 1 mg/L of Cl- could decrease log removal 
from 4.3 to 2.5 (compare Figure 4-6 to Figure 4-5) and 5 mg/L or more Cl- 
would totally inhibit the bio-AgNPs’ performances. 
 
Figure 4-6 Effect of chloride ion on log removal of MS2 coliphage by bio-AgNPs. Dashed line 
denotes log removal by bio-AgNPs at the same conditions in DI water. 
The observation regarding effects of Cl- could be well explained by 
the fact that silver’s toxicity largely depends on the presence of ligands 
(Ratte, 1999). It is proposed that when Ag+ is released from nanoparticles, 
Cl- may precipitate Ag+ in situ on the surface of nanoparticles. Such 
precipitate may likely form an inert layer on the surface of nanosilver that in 
turn ‘quenched’ the disinfection performance of nanosilver. This proposed 
explanation was in good agreement with the findings reported in previous 
studies (Ho et al., 2010; Levard et al., 2011). Ho et al. (2010) suggested 
80 | Page 
that when halide was present, strong binding of halide (such as Cl-) on the 
surface of AgNPs may occur and it may slow down the reaction between 
AgNPs and H2O2. Furthermore Levard et al. (2011) directly observed the 
formation of AgCl on the surface of AgNPs by X-ray scattering and 
fluorescence yield approach. These two studies could be supportive to the 
hypothesis here. 
4.2.2 Effects of Ca/Mg/ionic strength 
Ca2+ and Mg2+ were reported to be able to affect silver nanoparticle 
stability that in turn will affect the bacterial inactivation as well (Jin et al., 
2010). It was proposed by Jin et al. (2010) that Ca2+ and Mg2+ ions may 
serve as ion-bridges and enhance the contact between cell surface and 
silver nanoparticles, which were both negatively charged in their cases. 
Such enhanced contact would apparently enhance antibacterial effect of 
silver nanoparticles as observed by Jin and her co-workers. This reported 
enhancement would be verified in this section. 
Effects of Ca2+ and Mg2+ concentrations on viral inactivation are 
illustrated in Figure 4-7 (upper X-axis), which showed that log removal of 
MS2 coliphage decreased as the concentration of hardness increased. Log 
inactivation by bio-AgNPs decreased incrementally from 4.0 and 4.5 log to 
1.5 and 1.6 log for Ca2+ and Mg2+, respectively when the hardness (either 
Ca2+ or Mg2+) concentration increased from 0.94 mg/L to 188 mg/L as 
CaCO3. This observation was contradictory to Jin’s observation (Jin et al., 
2010). Therefore it is reasonable to believe that ‘ion-bridge theory’ proposed 
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by Jin’s team may not be applicable to the case of MS2, even if MS2 
coliphage and bio-AgNPs were both negatively charged. One possible 
reason could be attributed to the difference between bacteria and viruses. 
Floyd and Sharp found that viruses tended to form aggregation regardless 
of the overall charge of virus particles (Floyd and Sharp, 1978). Thus MS2 
bacteriophage aggregated when the concentration of hardness increased. 
And such virus aggregate is able to protect the inner viruses and establish 
greater resistance to disinfectant (Mattle et al., 2011). 
 
Figure 4-7 Effects of ionic strength and hardness on log removal of MS2 coliphage by bio-
AgNPs. Dashed line denotes log removal by bio-AgNPs in DI water. 
To further examine this result, sodium nitrate was introduced to 
simulate the ionic strength in previous systems, with attempt to understand 
whether the decreased log removals were attributed to increased ionic 
strength. Concentrations of NaNO3 were delicately tuned so as to be 
equivalent to corresponding ionic strength of each hardness sample (either 
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Ca2+ or Mg2+). Results of NaNO3 (Figure 4-7, lower X-axis) showed that 
similar trend was observed and these three arrays of results, furthermore, 
were not significantly different (P > 0.5). Therefore, the adverse impacts of 
Ca2+ and Mg2+ might be attributed to the impacts of ionic strength and it 
further suggested that divalent cations might not serve as ion-bridge in the 
case of viral inactivation by bio-AgNPs as suggested by Jin et al. (2010).  
‘Ion-bridge’ effects reported in the study of Jin et al. (2010) were 
based on IC50 measurements, for which 24-hr incubation with AgNPs was 
needed. However, the experiments conducted in this study only allowed 10-
min contact time between AgNPs and MS2. ‘Ion-bridge’ effects, therefore, 
may be overshadowed by effects of ionic strength under this short contact 
period. As discussed previously in this section, this decreased log removal 
could be due to the aggregation of MS2 coliphage particles induced by high 
ionic strength and subsequently such aggregation would decrease the 
effective contact between MS2 and AgNPs (Mattle et al., 2011).   
To sum up, Ca2+/Mg2+ and ionic strength indeed had adverse 
impacts on antiviral effects of AgNPs. However, the impacts were less 
significant than chloride. It was reported that there was 5.6 mM of ionic 
strength in fresh river water (Jin et al., 2010). If this water was treated by a 
series of coagulation/flocculation and sand filtration, hardness or ionic 
strength would be much less than 5.6 mM, and disinfection by bio-AgNPs 
may become acceptable. 
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4.2.3 Effects of humic substances 
Humic substances may be the most important factor in drinking water 
treatment process and it would fluctuate on seasonal basis. The following 
study was to investigate whether HS would enhance or inhibit the antiviral 
effects of bio-AgNPs. 
Results obtained indicated that HS had detrimental impacts on bio-AgNPs 
in terms of viral inactivation (Figure 4-8). Ten milligrams per liter of HS 
rendered a decrease of log removal from 3.3- to 0.4-log while further 
increasing concentration of HS to 30 mg/L would totally inhibit the viral 
inactivation of bio-AgNPs (Figure 4-8). 
 
Figure 4-8 Effects of HS on log removal of MS2 coliphage by bio-AgNPs. Dashed line 
denotes log removal by bio-AgNPs at the same conditions in DI water 
Although viral and bacterial inactivation are two different scenarios, hints 
might be found in the study by Fabrega et al. (2009), in which effects of 
organic matter was studied in the case of silver nanoparticles’ impact on 
bacterial growth. Fabrega and her co-workers proposed that humic acid 
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may present a physical battier between AgNPs and bacteria, thereby 
impeding interaction between them. Thus the results obtained in this study 
were in good agreement with the proposed mechanism (Figure 4-8) and 
may suggest viral inactivation of bio-AgNPs might be attributed to physical 
contact between AgNPs and viruses. 
4.2.4 Effects of pH 
 
Figure 4-9 Effects of pH on log removal of MS2 coliphage by bio-AgNPs. Dashed line 
denotes log removal by bio-AgNPs at the same conditions in DI water 
Effects of pH on removal of MS2 coliphage is shown in Figure 4-9. It 
is noted that all three buffer solutions selected did not affect the MS2 
infection. All the log removals with absence of bio-AgNPs (white bars) were 
less than 0.5-log. However, antiviral activities of bio-AgNPs were enhanced 
with increase of pH, from nearly no removal at pH 5.8 to greater than 4-log 
removal at pH 9. This pH-dependent inactivation might be due to improved 
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release of Ag+. Similar observation was reported in the study by Fabrega et 
al. (2009), in which higher pH (9.0) rendered more silver ion release, leading 
to greater inhibition of planktonic P. fluorescens cultures. 
4.3 Mechanism study of viral inactivation 
4.3.1 Mode of action of nanosilver 
To study the role of released silver ions, the most direct way is to 
compare the disinfection performances of Ag+ and nanosilver under the 
same conditions. Figure 4-10-A shows significant difference between bio-
AgNPs and equivalent Ag+ in terms of MS2 inactivation. Under all 
circumstances, bio-AgNPs achieved better performance than Ag+, 
regardless of contact time (5 min and 10 min) or mass concentration (10, 
25 and 50 mg/L). This result directly showed that if all the bio-AgNPs 
somehow ‘transformed’ into Ag+, the disinfection performance would be 
inhibited, suggesting that Ag+ was not the main cause of antiviral effects of 
bio-AgNPs.  
In fact, 10 mg/L of bio-AgNPs only released 0.5 mg/L of Ag+ (Sintubin 
et al., 2011). Therefore, Figure 4-10-B presents the direct comparison of 
bio-AgNPs (10 mg/L) and Ag+ (0.5 mg/L). Unsurprisingly, bio-AgNPs was 
able to achieve steady and substantial disinfection performance (> 4-log 
removal) while 0.5 mg/L of Ag+ could hardly have any antiviral effects (< 
0.1-log removal). This direct comparison explicitly showed that Ag+ released 
from bio-AgNPs was not the main cause of antiviral effects. 
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Figure 4-10 (A) Log removal of MS2 coliphage by bio-AgNPs and equivalent Ag+ under same 
conditions. (B) Comparison of log removals by 10 mg/L of bio-AgNPs and 0.5 mg/L of Ag+. 
Release of Ag+ was believed to be one of the mechanisms of 
disinfection of microorganisms by nanosilver reported in previous studies 
(Matsumura et al., 2003; Sondi and Salopek-Sondi, 2004; Sintubin et al., 
2011). According to those existing studies, Ag+ plays an important role in 
three ways: 1) combines with thiol group of several proteins, thereby 
resulting in malfunction of enzymes; 2) produces ROS, leading to 
irreversible oxidative damage to cell; and 3) possibly interacts with nucleic 
acid. Such conclusions were made mainly because performances of Ag+ 
and nanosilver were found comparable in terms of bactericidal effects 
(Sondi and Salopek-Sondi, 2004). However the results obtained in this 
study did not agree with such conclusion. There was a huge discrepancy 
between bio-AgNPs and equivalent Ag+ (Figure 4-10-A), suggesting Ag+ did 
not contribute much in viral inactivation. In fact this phenomenon could be 
easily understood considering the structural difference between bacteria 
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and viruses. In the case of bacteria, the Ag+ mechanism more or less 
depended on the fact that Ag+ was able to enter bacterial cell, in which ion 
channels in cell membrane may facilitate such penetration. But none of the 
studies reported ‘ion channel’ in virion nor the penetration of any ion into a 
virion particle. Thus it was more likely that Ag+ might be unable to enter 
coliphage and cause damage from within. To sum up, Ag+ released from 
nanosilver was less important in viral inactivation as observed in this study. 
Similar conclusion could also be found elsewhere (De Gusseme et al., 2009; 
Yin et al., 2011). 
One assumption regarding ROS is that the greater percentage of 
oxygen available would induce more ROS, given that all the other conditions 
are the same (Sondi and Salopek-Sondi, 2004). Experiments based on this 
were designed to evaluate the disinfection performance under different 
oxygen percentages, or in other words, different concentrations of ROS. 
Results shown in Figure 4-11 clearly suggested that there was no significant 
difference (P > 0.005) among anaerobic (0% O2), aerobic (21% O2) and 
hyperoxic (60% O2) conditions. Higher percentage of oxygen (60%) was not 
able to enhance the antiviral effects to a large extent; neither would 
anaerobic condition inhibit such activities. 
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Figure 4-11 log removals of MS2 coliphage by 10 mg/L of bio-AgNPs under different oxygen 
percentage. 
ROS generation was always associated with Ag+ according to the 
implication of previous studies (Hwang et al., 2008; Park et al., 2009). Since 
contribution of Ag+ was only limited as mentioned above, role of ROS was 
not predicted to be the main reason of antiviral action of nanosilver. The 
results obtained in this study were also in agreement with such deduction. 
Results obtained in this study clearly demonstrated that there was no 
significant difference (P > 0.05) when treated with bio-AgNPs under 
anaerobic (0% O2), aerobic (21% O2) and hyperoxic (60% O2) conditions. 
Log removals were not positively correlated to ROS generation, which 
suggested ROS was not the primary factor in viral inactivation by bio-AgNPs. 
In other words, results obtained in this study did not conflict with the fact 
that ROS was capable of inactivating MS2 coliphage (Kohn and Nelson, 
2007; Romero et al., 2011). The reason of different conclusions may be 
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attributed to the amount of ROS produced in the system. For instance, Kohn 
and Nelson (2007) reported MS2 inactivation required 1 hour to achieve 
over 4 log removal even with direct dosage of H2O2 (200 µM) to facilitate 
the ROS production. However, reaction time adopted in this study that 
achieved the same level of disinfection (> 4 log) was only 10 min; it may not 
be long enough to generate sufficient ROS nor to observe its contribution 
either. Agreement among both previous and current study may further imply 
that mode of actions of AgNPs in antiviral activities may depend on the way 
the experiments were designed and the scale of interests. For instance, 
high concentration of AgNPs had high probabilities to contact with virus; 
contribution of other mechanism (slow release of Ag+ and generation of 
ROS) may therefore be overshadowed. But when low concentration of 
AgNPs was used, the antiviral effects may rely on the relatively slow 
mechanism (slow release of Ag+ and generation of ROS). Future work 
needs to done to elucidate this scale-dependent mechanism. 
Study of role of direct contact was conducted using the setups shown 
in Figure 3-1. Contact between bio-AgNPs and MS2 coliphage was 
impaired by dialysis membrane shown in Figure 3-1-A while in the other 
setup, MS2 coliphage was able to directly interact with bio-AgNPs in the 
presence of dialysis membrane as a blank control shown in Figure 3-1-B. 
Contact times adopted in these experiments were prolonged up to 60 min 
to allow sufficient time for any potential diffusion of Ag+ or ROS between the 
dialysis membranes to take place. Even as the contact time increased, 
90 | Page 
antiviral effects without direct contact could only show 1 log of MS2 
coliphage inactivation as shown in Figure 4-12, whereas direct contact 
could achieve over 4.5-log removal. 
 
Figure 4-12 Log removals of MS2 coliphage by bio-AgNPs when direct contact between 
these two was impaired (‘blocked’) and when these two were mixed (‘mixed’). 
Direct physical contact of viruses with nanosilver was the last 
proposed mechanism to be evaluated by isolating bio-AgNPs behind 
dialysis membrane. Results obtained showed that with the inhibition of 
direct contact, viral inactivation of bio-AgNPs would decrease dramatically 
from 4.5- to only 1-log removal. It is still of interest to question what other 
factors could account for the remaining 1-log removal, other than the effects 
of Ag+ and ROS. In order to answer this question, we tested and found that 
infectious MS2 coliphage present inside the dialysis membrane (~102 
PFU/mL), which suggested that MS2 coliphage was able to penetrate 
through the 14,000 MWCO membrane via diffusion. This finding might 
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explain the 1-log removal: MS2 may diffuse into the dialysis tubing and then 
be inactivated by nanosilver. Sintubin et al. (2011) studied the mode of 
action of biogenic silver against bacteria. However, their study revealed a 
different pattern, in which the Ag+ release was the main contributor while 
the effect of direct contact was only negligible in bactericidal actions. To the 
best of our knowledge, such difference in conclusions may be attributed to 
the resistance difference of bacteria and viruses to bio-AgNPs. Our previous 
study experimentally confirmed such difference of resistance: E. coli could 
be fully inactivated (> 6-log removal) within 1 min while only 4 log MS2 could 
be inactivated after 10-min treatment with same dosage of bio-AgNPs 
(Figure 4-3 and Figure 4-4).  
Elechiguerra et al. (2005) visually observed silver nanoparticle 
physically attaching to HIV-1 using HAADF. The authors proposed that the 
silver nanoparticles selectively bound with gp 120 subunit of the viral 
envelop glycoprotein, rendering the inhibition of virus infectivity as observed. 
Such findings again confirmed the crucial role of direct contact in antiviral 
effects and more importantly, were in good agreement with our ELISA 
assays on antigenicity of MS2 coliphage (data will be presented in next 
section). ELISA assay on antigenicity has been used to examine how an 
intact capsid of MS2 was damaged (Kim et al., 2011). Therefore loss of 
antigenicity observed in this study supported one hypothesis that bio-
AgNPs inactivated MS2 mainly by contacting the protein coat of viruses and 
rendering capsid damage, for instance antigenicity in this case, on MS2. 
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One may argue that such reduction of absorbance may not result from 
impaired antigenicity of MS2; it could be that bio-AgNPs ubiquitously blocks 
the capture antibody considering that bio-AgNPs were a mixture of silver 
nanoparticles and biomass (Sintubin et al., 2009). To eliminate such 
possibility, negative control with chem-AgNPs and biomass, respectively, 
were also conducted. Compared to bio-AgNPs, chem-AgNPs and biomass 
could only reduce the antigenicity by 33.6%. Our previous study affirmed 
that chem-Ag and biomass had little effects on MS2. Therefore, such 
reduction of antigenicity indicated that silver nanoparticles and biomass did 
more or less block capture antibodies, resulting in the observed false 
positive. At the same time the results of negative control demonstrated that 
bio-AgNPs, in spite of the blocking effects, did induce significant damage 
on the antigenicity. 
4.3.2 Viral damage caused by nanosilver 
Presented in Figure 4-13 is the reduction of MS2 antigenicity after 
treated with bio-AgNPs, chem.-AgNPs and biomass. After treated with 10 
mg/L of bio-AgNPs for 10 min, ELISA absorbance at 405 nm dropped to 
zero (slightly negative), indicating antigenicity of MS2 was impaired to a 
significantly large extent. To eliminate the possibility that the biomass in bio-
AgNPs or nanoparticles themselves may induce false positive results, 
biomass and chem-AgNPs were also assessed in ELISA under the same 
conditions. These two were unable to inactivate MS2 coliphage under the 
conditions tested according to our previous result (Figure 4-4). Assays with 
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these two showed that absorbance (0.77 for chem-AgNPs and 0.80 for 
biomass) did drop to some extent but not as significantly as that of bio-
AgNPs.  
 
Figure 4-13 ELISA analysis of bio-AgNPs, chem-AgNPs and biomass 
The qRT-PCR assays of MS2 samples after nanosilver treatment are 
summarized in Figure 4-14 for all the four primer sets chosen. Firstly, results 
comparing among the 4 primer segments were insignificantly different (P > 
0.05), illustrating that damage caused by nanosilver was not selective with 
regard to genome positions. Secondly, modest genome damage of MS2 
occurred following AgNPs treatment for all the 4 primer segments. When 
decay of infectivity (C0/Ct) of MS2 was lower than 3 log, the genome 
damage (N0/Nt) was negligible (< 0.5 log). When decay of infectivity of MS2 
achieved approximate 4-log removal, there was a slight increase of genome 
damage (~1.2 log). 
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Figure 4-14 Decay of genome (log (N0/Nt)) as a function of decay of viral infectivity (log 
(C0/Ct)) for all the 4 primer sets. 
PCR tests showed that genome decay was not relevant to infectivity 
decay, indicating bio-AgNPs was unlikely to cause damage on MS2 RNA. 
Comparison using the 4 primer sets showed that none of the genomic 
regions were particularly susceptible to nanosilver treatment. Such results 
further indicated that damage to RNA by nanosilver was not significant 
under the conditions investigated. Literature on silver species (AgNPs or 
Ag+) vs. nucleic acids provided us with a clear picture that the damage to 
nucleic acids may depend on the concentration of silver ion. High dosage 
of silver ion (10 mg/L for several hours) could cause severe DNA molecules’ 
condensation (Feng et al., 2000) while low dosage of silver species (0.1-1 
mg/L of AgNPs, concentration of Ag+ released must be even lower) could 
not lead to observable genome damage (Hwang et al., 2008; Sintubin et al., 
2011). This dosage-dependent phenomenon explained quite well our 
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results: lower dosage of AgNPs induced less inactivation (< 3 log), where 
little genome damage occurred (< 0.5 log). By contrast, higher dosage of 
AgNPs induced more inactivation (~4 log), where greater genome damage 
(> 1 log) was observed (Figure 4-14). 
4.4 Continuous flow system with nanosilver 
4.4.1 Continuous flow system to remove E. coli 
Applying AgNPs into practice is the ultimate goal of this study. In 
order to achieve this, continuous flow system incorporated with AgNPs was 
evaluated on inactivation of E. coli (Figure 4-15). In the control experiment 
with the uncoated glasswool, the log inactivation of E. coli was nearly zero, 
indicating the glasswool used was unable to adsorb or inactivate the 
bacteria. Any inactivation of E. coli was attributed to the AgNPs coated on 
glasswool. This served as the basis of this part of study.  
Five milligrams or 10 mg of AgNPs were loaded on the glasswool 
and log removal of E. coli was observed to drop gradually in the first one-
hour operation. Log inactivation by 5 mg of AgNPs dropped from 2.2 log 
(during startup) to 1.5 log (at the end of 1 hr) while corresponding log 
inactivation by 10 mg dropped from 4.7 log to 3.9 log (0 - 60 min in Figure 
4-15). Such performance of this system was undesirable considering the 
feasibility and the sustainability of this system. It would be better if the 
performance could be recovered by some means. 
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Direct contact of bacteria to AgNPs was thought to be crucial in 
antibacterial effects of AgNPs. So one of the hypotheses for such efficiency 
decrease was that bacteria in the feed water was attached to the surface of 
AgNPs and accumulated there, leading to less active surface area of AgNPs 
available. Therefore, backwash by clean water was proposed and 
introduced after 1-hr operation in order to wash away those dead bacteria 
(e.g. from 60 - 180 min (Figure 4-15)). 
 
Figure 4-15 Continuous flow system with AgNPs against E. coli. Dash lines denote 
backwash after 60 and 120 min, respectively. 
The results of backwash shown in Figure 4-15 verified this 
hypothesis. It clearly showed the antibacterial performance was recovered 
to some extent after backwash was adopted. In the case of 10 mg of AgNPs 
loading, the log inactivation of E. coli was recovered back to 4.5-log removal 
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after first backwash at 60 min. The second backwash (120 min) was unable 
to improve the performance up to more than 4-log removal; but still, it 
increased by nearly 0.5 log after backwash. This study only evaluated the 
effect of backwash for the first two times. It was reasonable to believe that 
the backwash in the prolonged operation could still improve the 
performance to some extent, but the overall trend may remain decreasing. 
Enhancement by backwash was, however, insignificant in the case 
of 5 mg loading. During backwash, it might be the case that not only dead 
bacteria were washed away, but small portion of AgNPs coated was 
leached away as well. Such loss might be negligible in case of higher 
loading (i.e. 10 mg) yet had an impact when only 5 mg of AgNPs was loaded. 
This might be the reason why backwash did not improve the performance 
in the 5-mg-AgNPs-loaded system. 
In order to further exploit the potential of AgNPs in continuous flow 
system, air-assisted backwash (air scour) was adopted for the purpose of 
enhancing backwash performance. Air scouring can be used to increase 
water turbulence during backwash and thereby achieve satisfactory 
backwash performance at lower backwashing velocities. The reason for 
introducing air scour was same as aforementioned to further ‘scrub’ the 
bacteria off the surface of AgNPs. In this part of study, compressed air (100 
mL/min) and water streams (40 mL/min) were pushed upwards 
simultaneously through the system. The air-to-water ratio was 2.5:1. 
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Comparison of air-assisted backwash and simple backwash is 
shown in Figure 4-16. In the case of 10 mg loading, the air-assisted 
backwash achieved better performance than simple backwash by 
inactivating more than 5 log of E. coli after first backwash at 60 min. This 
improvement was also observed in the second backwash (0.31 log 
difference without air vs. 0.50 log difference with air, at 120 min) and was 
statistically significant (P < 0.05). In addition, only 2 times of backwash with 
air scour were evaluated in this study. It was imaginable that air scour in the 
prolonged operation (10 mg of AgNPs loading) may still help recover the 
disinfection performance to some extent. 
On the other hand, air scouring was not capable of recovering the 5-
mg-loaded system back to more than 2-log removal. After the first air-
assisted backwash, the log removal was even lower than non-air-assisted 
backwash. Again, one possible reason might be the loss of AgNPs during 
backwash and air scour might worsen such loss. 
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Figure 4-16 Comparison the effects of air scour on the BW. Dash lines denote backwash 
after 60 and 120 min, respectively.  
4.4.2 Continuous flow system to remove MS2 coliphage 
Continuous flow system with AgNPs coated was also tested in terms of 
antiviral effects of MS2 coliphage. Figure 4-17 shows the preliminary results 
of 5 mg and 10 mg of AgNPs loadings, respectively. Similar to previous 
observation, glasswool column without AgNPs was unable to remove MS2 
coliphage: basically the log removal by blank control was less than 0.2 log.  
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Figure 4-17 Continuous flow system with AgNPs against MS2 bacteriophage. 
With the presence of AgNPs in the glasswool column, the performance of 
this flow-through system was not ideal regardless of either 5 mg or 10 mg 
AgNPs loading. The log inactivation rapidly decreased from 3.5 log at 10 
min to less than 1 log removal at 30 min, and then stabilized at approximate 
0.5-log removal till the end of experiment (120 min).  
Unlike the flow-through experiment against E. coli, increase of AgNPs 
loading from 5 mg to 10 mg did not improve the disinfection performance to 
a large extent. This observation may again confirm that MS2 coliphage was 
more resistant than E. coli as what bench-scale test showed. 
Studies on AgNP-involved continuous flow system against viruses are 
sparse. De Gusseme and co-workers evaluated removal of UZ1 
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bacteriophage in their AgNP-coated filter and approximate 3-log removal 
was achieved for 20 min (De Gusseme et al., 2009). Considering the 
resistance difference between UZ1 and MS2, the results shown here was 
comparable to theirs. 
The latest study from the same group may provide us with hints on how to 
improve the antiviral performance. Approximate 2500 mg/m2 of AgNPs was 
incorporated in PVDF membrane. This AgNP-contained membrane 
achieved 3.4-log removal for totally 225 L/m2. Better coating strategies and 
increasing dosage of AgNPs are of the top priority in the future study. 
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CHAPTER 5 SUMMARY, CONCLUSIONS AND 
RECOMMENDATIONS 
5.1 Summary 
The goal of this study was to systematically evaluate the feasibility of 
applying AgNPs as an alternative disinfectant in drinking water treatment 
process. This was achieved by accomplishing 4 sub-objectives, namely (1) 
to synthesize and compare different AgNPs; (2) to investigate the effects of 
relevant water matrices on AgNPs disinfection; (3) to study the antiviral 
mechanisms of AgNPs; and (4) to assess the performance of AgNPs in 
continuous flow mode. Results showed that bio-AgNPs was a promising 
nanosilver material that had advantage of small size and excellent stability, 
and was effective in inactivation against E. coli and MS2 coliphage in bench-
scale tests. 
HS and chloride were two detrimental factors that can be toxic to antiviral 
activity of bio-AgNPs. Application of bio-AgNPs in real water sample should 
take these two parameters into consideration and proper pre-treatment may 
be necessary.  
Antiviral mechanism study suggested that direct contact played the most 
important role in antiviral effects of bio-AgNPs. And such contact would 
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induce significant capsid damage to MS2 bacteriophage. RNA damage of 
MS2 was only a minor reason. 
Continuous flow system with 10 mg of AgNPs loading was found to be 
excellent in removing E. coli and backwash, especially air-assisted 
backwash was able to recover the performance to some extent. 
To sum up, this study provided instructive information on selecting the best 
AgNPs (bio-AgNPs) and the suitable water quality (low HS and low Cl-) for 
future work in this field. In addition, study on antiviral mechanisms of AgNPs 
showed the significance of direct contact between AgNPs and viruses. It 
was implied that any practice to enhance such direct contact is worth a try 
to achieve better disinfection performance. Last but not least, continuous 
flow system with AgNPs was demonstrated to be feasible and promising. 
Engineering solution (backwash with air scour) could be useful in recovering 
the disinfection performance and more detailed research could be done in 
the future.  
5.2 Conclusions 
Nanosilver from three sources, namely com-AgNPs, chem-AgNPs and bio-
AgNPs, were successfully obtained either from industry or from synthesis 
in the lab. TEM images confirmed the presence of nanoscale particles; 
however, it was found by TEM at the same time that both com-AgNPs and 
chem-AgNPs had aggregation to varying degrees. Zeta potential results of 
these three materials showed they were all negatively charged. And HDD 
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confirmed the aggregation status of com-AgNPs (322 nm) and chem-
AgNPs (122 nm). Histogram of size distribution of bio-AgNPs was obtained 
by multiple TEM images, further verifying that bio-AgNPs had the smallest 
particle size (20-40 nm) among the three.  
These three AgNP materials were subsequently compared in terms of log 
inactivation against E. coli and MS2 coliphage. Bio-AgNPs, which was with 
smaller particle size and less aggregation than the other two, achieved 
better performance against both E. coli and MS2 coliphage. Ten milligrams 
per litre of bio-AgNPs was capable of inactivating all E. coli (>6.3 log) and 
achieving 4-log MS2 inactivation in 5 min. Bio-AgNPs disinfection against 
MS2 was optimized and 10 mg/L for 10-min contact time in bench-scale 
study was the recommended operating condition if 4-log viral removal is 
required. 
Effects of water matrices, such as ionic strength, hardness, HS, chloride 
and pH, were subsequently evaluated with bio-AgNPs at a concentration of 
10 mg/L for a contact time of 10 min. Ionic strength and hardness would 
only have moderate effects on the disinfection performance. High ionic 
strength (5.6 mM) and hardness (188 mg/L as CaCO3) had similar impacts 
and could only achieve approximate 1.5-log removal of MS2. HS and 
chloride were found to affect significantly the viral inactivation of bio-AgNPs, 
in which 30 mg/L of HS and 5 mg/L of Cl- fully quenched the antiviral effects 
of bio-AgNPs. If we intend to apply nanosilver in drinking water disinfection 
process, a pre-treatment is requisite to meet some standards: HS should 
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be less than 1 mg/L and chloride less than 1 mg/L in order to achieve 4-log 
removal of virus. 
Systematic mechanism study of antiviral effects of nanosilver was 
conducted in terms of both mode of action and viral damage. Direct physical 
contact accounted for the majority of viral inactivation of MS2 coliphage. 
Silver ion released and ROS production, however, were found to contribute 
little to antiviral activities against MS2 coliphage. This finding was seemingly 
contradictory to previous study (Sintubin et al., 2011) but still reasonable 
due to the resistance difference to disinfectants between bacteria and 
viruses. As for viral damage, ELISA assay results showed significant 
decrease of antigenicity of MS2 coliphage, suggesting substantial capsid 
damage of MS2 after bio-AgNPs treatment. Quantitative RT-PCR 
demonstrated only minor genome damage occurred following the AgNPs 
treatment. This finding further translated into that it was less likely for AgNPs 
to induce genome damage.  
Continuous flow system with AgNPs coated was demonstrated to be 
effective in inactivation of E. coli at 10 mg of AgNPs loading. Backwash of 
the AgNPs-coated glasswool column was capable of recovering the 
disinfection capacity against E. coli. by approximate 0.5 log. Furthermore 
air-assisted backwash was also tested and found to be a significantly 
greater (P < 0.05) improvement in recovering the inactivation of E. coli. On 
the other hand, continuous flow system with AgNPs was unable to remove 
MS2 coliphage effectively. The performance decayed fast from 2.5 log at 
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10 min to less than 1 log at 30 min. Increasing AgNPs loading from 5 mg to 
10 mg did not improve the performance. 
5.3 Recommendations 
Based on the findings in this study, recommendations for work in the future 
are listed as follows: 
 Bio-AgNPs are not the end of this topic. Further study could be done 
in synthesizing AgNPs of smaller size, improved stability and greater 
ease of synthesis. If it could be achieved, the performance of AgNPs 
could be enhanced beyond what was observed in this study and 
become more promising to be developed as an alternative 
disinfectant. 
 Based on our finding that HS and chloride suppressed the 
disinfection efficiency of AgNPs, water quality of feed water for 
AgNPs treatment should be strictly controlled. Feed water with low 
levels of HS and chloride would be preferred. Specific scenario, such 
as rainwater disinfection, can be considered. 
 Mechanism study can be more detailed. When studying the 
contribution of Ag+ release, the concentration of silver ions may be 
higher in surrounding area of AgNPs than that in bulk solution. 
Identifying and quantifying the silver ions near the surface of AgNPs 
could be a milestone towards better understanding the killing 
mechanism at molecular level. 
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 Conditions of backwash and air scour, e.g. backwash flowrate and 
air-to-water ratio, need to be optimized to achieve the best recovery. 
Rapid decrease in antiviral effects of continuous flow system with 
AgNP shall be addressed by future research focusing on both 
backwash optimization and better coating techniques.  
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APPENDIX 
 
Figure A1 TEM images of bio-AgNPs used for size distribution. 
